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               Book Abstract  

  This multi-authored volume contains peer-reviewed chapters from leading 
researchers and professionals in silvopastoral systems topic in the sub-
tropical and temperate zones of South America (Argentina, Chile and 
South Brazil). It is a compendium of original research articles, case stud-
ies, and regional overviews and summarizes the current state of knowl-
edge on different components and aspects (pasture production, animal 
production, trees production, carbon sequestration, conservation) of silvo-
patoral systems in native forests and tree plantations. The main hypothesis 
of the book is that farmers have integrated tree and pasture/grassland spe-
cies in their land use systems to reach higher production per unit of land 
area, risk avoidance, product diversifi cation, and sustainability. These pro-
duction systems also impact positively in main ecosystem processes. 
Management of these productive systems, Policy and Socioeconomic 
Aspects provide great opportunities and challenges for farmers and policy 
makers in our region. The book is unique on this subject in Southern South 
America and constitutes a valuable reference material for graduate stu-
dents, professors, scientists and extensionists who work with silvopastoral 
systems.  

  Book Keywords  

  Animal production   •   Tree-understorey interaction   •   Native forest conserva-
tion   •   Silvopastoral systems design   •   Policy for silvopastoral development                  
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 Agroforestry is now well recognized as a land-use activity that is different 
from sole-crop agriculture and plantation forestry. To most land-use experts, 
however, agroforestry presents the image of low-input, subsistence, “dirt- 
poor” tropical farming systems involving an array of some trees and crops 
and maybe some animals, often in haphazard arrangements in contrast to the 
uniformly spaced rows of trees or crops they are used to. No wonder the men-
tion of the word also brings out some strange reaction – even disdain – from 
those who fi rmly, albeit falsely, believe that the solution to the world’s food 
and agricultural problems rests entirely on commercial and industrialized 
land management. 

 The past few decades of signifi cant developments in agroforestry, how-
ever, have helped change some such lopsided perceptions. Lately, the role of 
agroforestry in addressing and mitigating some of the environmental prob-
lems created and/or exacerbated by commercial agricultural and forestry pro-
duction enterprises has become increasingly clear. A wave of belief and 
enthusiasm, though still supported more by convictions rather than empirical 
research, is emerging in North America and Europe that in order to meet the 
society’s needs and aspirations for forest-derived goods and services, we 
must – and can – fi nd ways of deriving some portion of those benefi ts from 
agricultural lands through agroforestry. Indeed, in many places, the only 
opportunity to provide forest-based benefi ts such as wildlife habitat or for-
ested riparian systems is through the increased adoption of agroforestry on 
agricultural lands. 

 While such interesting developments have helped to add North America 
and Europe to the global agroforestry map, some regions of the world such as 
the southern parts of South America have seldom been mentioned in agrofor-
estry literature. With limited or no personal exposure to the region, most 
agroforestry enthusiasts including myself have been ignorant of and had sel-
dom been encouraged to think about the existence or relevance of agrofor-
estry in the regions southward from southern Brazil. So, it was with some 
trepidation that I entertained Dr. Pablo Peri’s desire for a discussion during 
his visit to the University of Florida in September 2013, to talk about silvo-
pastoral systems in that part of the world and the studies and experience on 
such systems that he and his colleagues had accumulated. In retrospect, it is 
rather amazing how Dr. Peri’s visit and our discussions have led to this book. 

 The speed, tenacity, and momentum at which Dr. Peri moved forward with 
the idea and bring it to fruition are really outstanding. From organizing a team 

   Foreword   
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of dedicated coeditors, commissioning a talented group of chapter authors, 
organizing insightful peer review of the chapters, following up with the pub-
lisher, and, above all, pushing me incessantly for doing my part in facilitating 
the publication, he has spared no stone unturned. I warmly and sincerely con-
gratulate Dr. Peri and his coeditors and all the chapter authors on this out-
standing accomplishment. 

 This publication represents a signifi cant contribution to the growing body 
of agroforestry literature worldwide. The information presented here will be 
of immense value to colleagues in other parts of the world where such sys-
tems of land use have scope and potential. I hope Dr. Peri and colleagues’ 
commendable effort will provide inspiration to other agroforestry experts to 
organize such high-quality publications to bring to light the little-reported but 
valuable results and experiences from other parts of the world.  

   Editor, Advances in Agroforestry Book-Series     P.  K.     Ramachandran     Nair  
 University of Florida ,   Gainesville ,  FL ,  USA      
 June 2015    

Foreword
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      Silvopastoral Systems 
in the Subtropical and Temperate 
Zones of South America: 
An Overview                     

     Pablo     Luis     Peri     ,     Francis     Dube    , 
and     Alexandre     Costa     Varella   

    Abstract  

  In the subtropical and temperate zones of South America (Argentina, Chile 
and Southern Brazil), silvopastoral systems have become an economical, 
ecological and productive alternative. These systems incorporate exotic 
tree species or managed native forests into farming systems allowing the 
production of trees and livestock from the same unit of land. This provides 
diversifi cation of farm income, either directly from the sale of timber and 
animals, and/or indirectly by the provision of stock shelter and benefi cial 
effects on soil conservation. Thus, these systems can be more biologically 
productive, profi table and sustainable than forestry or animal production 
monocultures. However, livestock grazing is one of the most widespread 
land uses in South America and is arguably the land use that has had the 
greatest impact on regional biodiversity. This multi-authored book is a 
compendium of original research articles, case studies, and regional over-
views that summarizes the current state of knowledge on different compo-
nents and aspects (pasture, animal and trees productions, carbon 
sequestration, and conservation) of silvopastoral systems in native forests 
and tree plantations.  
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     In many developing countries, trees and shrubs 
have traditionally been managed and used on 
agricultural landscapes for shelter, wood, browse, 
fruit or nuts. Silvopastoral systems, as part of 
agroforestry practices, are an approach to land- 
use and technologies where woody perennials 
(trees, shrubs, palms, etc.) are deliberately used 
on the same land management unit as livestock 
with different spatial arrangements or temporal 
sequences. Thus, these systems incorporate 
exotic tree species or managed native forests into 
farming systems allowing the production of trees 
and livestock from the same unit of land. 

 In silvopastoral systems, there are both eco-
logical and economic interactions between the 
different components. Thus, silvopastoral sys-
tems are those that have been designed to improve 
benefi cial ecological interactions, which may be 
demonstrated as improvement in yield per unit 
area, resource use effi ciency and/or enhancement 
in environmental issues. Silvopastoral advan-
tages can be described as the provision of multi-
ple products (e.g., food, wood, fodder, mulch, 
medicinal plants) or services (e.g., maintenance 
of soil fertility, control of erosion, microclimate 
improvement, biodiversity enhancement, water-
shed protection, carbon sequestration) by the 
trees. Silvopastoral constraints mainly deal with 
potential competition between trees and pasture 
or grassland for water, light and nutrients as well 
as for farm resources such as land and labor. 

 Agroforestry systems have a rich history of 
development and the concept was initially imple-
mented in tropical regions, within the context of 
developing nations where land shortages due to 
rapid population growth of indigenous people 
demanded effi cient production systems for both 
food and wood resources. A classic example can 
be found in the managed “conucos” carried out 
for centuries by native people in Central America, 
which are gardens where agriculture has been 
practiced in a traditional manner (Esquivel and 
Hammer  1988 ). Also, the swidden cultivation, 
which is also known as slash-and-burn agricul-
ture, has been widely practiced for centuries in 
tropical forests of South America. Another exam-
ple of agroforestry systems is the “chacra” sys-
tem practiced by native communities in Central 

and South America, which consists of small- scale 
shifting cultivation where food crops such as cas-
sava and banana are cultivated under forest tree 
species, which provide timber and bark. The 
introduction of trees and/or livestock into agri-
cultural plots appeared as an interesting approach 
to preserving tropical forests. Worldwide aware-
ness of the value of tropical forests, and the need 
for conservation through agroforestry practices 
increased the importance for the research, politi-
cal, and fi nancial support in the twentieth cen-
tury. Since the late 1970s, agroforestry has 
increasingly become accepted as a sustainable 
and promising land use system on both farms and 
in forests (Nair  1993 ). 

 The range of conditions in South America pro-
vides insight about how factors such as geogra-
phy, climate, culture, and markets affect 
silvopastoral systems selection and implementa-
tion. The area covered in the book includes south-
ern region of Brazil (including the states of Rio 
Grande do Sul, Santa Catarina and the south- 
central region of Paraná), and contrasting regions 
in Argentina and Chile (Fig.  1.1 ). This region is 
located between latitudes 24° and 55° S. Climate 
ranges from subtropical (with frequent frosts in 
winter and warm summers) to cold temperate 
(characterized by short, cool summers and long, 
snowy and frozen winters). Average annual tem-
peratures range from 5 to 20 °C and the annual 
average rainfall varies from 200 to 2,000 mm. 
The distribution of natural vegetation is largely 
determined by climate in the region with pres-
ence of rain forests, savannas with tall grasses 
occupying scattered patches of trees, dry land 
ecosystems and cold temperate forests. However, 
anthropogenic infl uence on land cover change 
has been more evident in the context of increas-
ing deforestation and agricultural expansion. The 
UN Population Division predicts that population 
in Latin America and the Caribbean could rise to 
784 million by 2050 (United Nations  2015 ). 
Therefore, the forests in the region will very 
likely continue to be cleared for agriculture and 
ranching. The conversion of natural environ-
ments into managed ones contributed to major 
environmental problems, such as pollution, land 
degradation and loss of biodiversity. In this con-

P.L. Peri et al.
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text, sustainable silvopastoral systems are sug-
gested as a key solution to the confl ict between 
expanding agricultural production and conserv-
ing natural ecosystems.

   In South America, many environmental and 
social problems have arisen from the embracing 
of technological agriculture and the green revolu-
tion. For example, in Argentina in response to the 
high international prices of agricultural commod-
ities (particularly soybean) and technological 
changes (mainly genetically modifi ed soybean 
cultivars), the country (mainly the Northern prov-
inces) has seen a very rapid expansion of indus-
trial agriculture, a major driver of recent land use 
changes (Secretaría de Agricultura, Ganadería, 
Pesca y Alimentación [SAGPyA]  2009 ). 
Furthermore, livestock grazing is one of the most 
widespread land uses in South America and is 
arguably the land use that has had the greatest 
impact on regional biodiversity. In Latin America, 
more than 90 million ha of land is under pasture, 

mostly as a result of forest conversion to cattle 
ranching (FAO  1999 ), where meat and milk con-
sumption probably assume greater political and 
economic importance than in any other region of 
the world. However, they are also one of the 
major causes of environmental degradation. This 
has led to increased research and practical activ-
ity in the development of sustainable farming 
systems. Governmental and international agen-
cies, universities and research institutes have 
strongly encouraged many scientifi c projects on 
environmentally, socially and economically sus-
tainable development. In this context, in South 
America in the last two decades, silvopastoral 
systems became an economical, ecological and 
social productive alternative. As a result, the ben-
efi ts that provide silvopastoral systems in some 
regions or areas are based on the basic premise 
that these systems can be more biologically pro-
ductive, profi table and sustainable than forestry 
or animal production monocultures. The trees in 

  Fig. 1.1    Location of the area covered in the present book ( dark green ) in South America (Map from Danilo Serra da 
Rocha, EMBRAPA South Livestock) (Color fi gure online)       
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silvopastoral systems enhance nutrient uptake 
from the soil, which is then passed to the grass 
through the degradation of organic matter so 
improving both soil fertility and forage quality. 
The trees, in addition to enhancing animal wel-
fare due to their moderating effects on climate 
extremes, can be a source of wood (timber and 
fuel), bio-diesel, as well as improving environ-
mental aspect (e.g., aesthetics), reducing soil ero-
sion and water loss and increasing biodiversity. 
Also, silvopastoral systems are capable of fi xing 
signifi cant amounts of carbon (C) in the soil 
under the improved pastures and in the standing 
tree biomass (Dube et al.  2012 ; Peri  2011 ). Given 
the vast area of land currently managed as rumi-
nant production systems in Latin America, the 
potential for climate change mitigation through C 
sequestration is huge (Dube et al.  2011 ). Thus, 
the payment for environmental services for C 
sequestration in silvopastoral systems can be an 
important incentive for ensuring their widespread 
adoption. 

 In Argentina, while silvopastoral-systems 
implementation using exotic tree species planted 
in natural grasslands (or with exotic pasture spe-
cies) had reached ~140,000 ha (mainly in 
Argentine northeastern provinces of Misiones 
and northern Corrientes, Lower Delta of the 
Paraná River and NW Patagonia) by 2012, native 
forests under silvopastoral use is ~6,826,000 ha 
with different degrees of management strategies 
(Peri  2012 ). There are also differences in the 
motivation behind the silvopastoral systems 
between landowners. For example, while in 
northeastern Argentina many farmers or compa-
nies are seeking to diversify and improve their 
economic profi ts, silvopastoral systems in 
Patagonia can allow ranchers to protect the cattle 
and sheep in extensive paddocks against strong 
prevailing winds and to control severe erosion 
problems. Also, several landowners believe that 
livestock under silvopastoral use has the advan-
tage to provide annual income under a more cer-
tain markets together with the long term wait for 
timber cash from tree harvest. 

 In Chile, the Forest Research Institute 
(INFOR) has been responsible since 2006 for the 
establishment of silvopastoral systems in small 

properties. Between 2006 and 2008, 342 ha were 
established. In 2011, there was an additional 
72 ha in the Maule, Biobío, Araucania and Aysén 
Regions, representing 23 % of the total area 
under agroforestry for that year. Finally in 2012, 
new silvopastoral systems were implemented in 
the O’Higgins, Maule and Los Ríos Regions, 
totaling 47 ha, i.e. 30 % of the surface with agro-
forestry (A. Lucero, pers. comm. 2013). The fol-
lowing paragraphs present a brief summary of the 
main silvopastoral systems established in planted 
and native forests across the country.  Prosopis 
tamarugo  is a native and endemic species in 
northern Chile, which grows mainly in the 
Tarapacá Region, in extreme soil and climate 
conditions. It is a multipurpose, drought resistant 
species. Its main use is for soil protection and 
carbon sequestration. It is also a source of forage 
tree, mainly because of its tender shoots and 
fruits that are used by domestic animals, sheep 
and goats owned by small farmers, as well as 
wild animals such as camels (González and 
Maraboli  1997 ).  Acacia saligna  and  Atriplex  sp. 
are other species that have been used in the north 
and central-south region of the country. Fodder 
shrubs are valued because of their capacity to be 
a source of forage for sheep and goats during dry 
periods (summer-autumn period), when there is 
no natural source of green fodder. Over 40,000 ha 
have been planted in northern Chile, mainly in 
the Coquimbo Region to supplement the shortage 
of fodder in summer (Perret and Mora  2001 ). On 
the other hand, the  Acacia caven  steppes, or 
“espinal”, cover an approximate area of 2 million 
ha, from the Coquimbo Region in the north to the 
Biobío Region in the south. They are mostly 
located in areas where agriculture and livestock 
are the most important productive activities. 
Proper management of this species is required, 
however, because of overgrazing and overexploi-
tation for fuel wood and charcoal production over 
several decades. It has been shown that with good 
management systems involving  Acacia  spp. helps 
increase the productivity of both natural and arti-
fi cial pastures (Ovalle et al.  1996 ). The “Agrícola 
y Forestal El Álamo” Company located near the 
town of Parral in the Maule Region owns 3,232 ha 
of  Populus  sp., all under agrosilvopastoral use. 

P.L. Peri et al.
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Poplar is mixed with corn during the fi rst 3 years, 
after which the plantation system is grazed 
throughout the rotation until harvest. Within the 
remaining native forest area of temperate Chile, 
second-growth  Nothofagus  forests play a promi-
nent role, not only for the large covered area but 
also for its economic and socioeconomic impor-
tance (INFOR  2012 ). A large proportion of this 
forest belongs to small landowners who use their 
properties as pasture for cattle grazing and shel-
ter for animal protection. However, the presence 
of cattle cause stagnation of natural regeneration 
processes through browsing and leaves the soil 
compacted by trampling. In other cases the silvi-
cultural system being practiced is “coppice” type, 
in which selected areas of second-growth forests 
are clear-cut every 15 years. This practice per-
mits the use of stems and branches for fi rewood 
and charcoal, while waiting for the vegetative 
regeneration of stump shoots, which produces 
signifi cant exports of nutrients and, in the long 
term, destroys the capacity of the forest to regen-
erate on its own. And last, but not the least, there 
is no governmental regulation regarding the use 
of second-growth forests for pastures, so this 
source of degradation is becoming progressively 
worse over time (Dube et al.  2014 ). In Chilean 
Patagonia, the use of silvopastoral systems is a 
practice that has been studied since 2002 by 
INFOR and the Agricultural Research Institute 
(INIA), with the objective of reintroducing the 
tree in a friendly way to the cattle farming pro-
ductive systems and with the producers. In this 
way, it is expected to present a new form of 
 productive management of the soil, to improve 
their productivity, reduce their level of erosion 
and protect them from the most important erosive 
factor in the region, wind (Teuber and Ganderatz 
 2009 ; Sotomayor  2010 ). 

 In Brazil, the integration of beef cattle with 
forests date from the mid-eighteenth century 
(Chang  1985 ), known as traditional “faxinais” 
systems, mainly established in the area of occur-
rence of  Araucaria  native forests ( Araucaria 
angustifolia ). Usually beef cattle was introduced 
in conventional tree plantations as a strategy to 
improve early cash fl ow, besides getting the ben-
efi ts of controlling the growth of undesired plants 

in the understory, reducing the risks of fi re inside 
the forest (Saibro  2001 ; Porfi rio-da-Silva et al. 
 2009 ; Varella et al.  2012 ). More recently, the 
increase in the costs of agricultural inputs, a 
decrease of native forest cover, an increase of 
degraded areas in agricultural activities and live-
stock (mainly soil erosion), with the phenomenon 
of rural exodus and concerns about animal wel-
fare were the reasons to research institutions and 
rural extension service seek for new and more 
sustainable production systems, especially 
involving the integration of forestry with agricul-
ture and livestock systems (Dube et al.  2002 ). 
The area covered in Brazil in this book is located 
between latitudes 24° and 33°S, occupying an 
area of approximately 576.410 km 2  (6 % of the 
national territory). In the southern states of 
Brazil, agriculture and extensive livestock sys-
tems are predominant. Over the last 5 years, for-
estry investments were maintained stable in this 
region. Currently, the expansion area for conven-
tional forestry is limited, but there is still land 
area available for the expansion of forestry- 
cropping- livestock integrated systems. The agro-
forestry systems are noticed as a sustainable 
alternative in Brazil, leading to new challenges 
from farmer to industry sector. The main issues 
that match producer interests and needs of this 
region are related to cattle and sheep welfare, 
strategic forage supply during periods of extreme 
weather, soil conservation, self-consumption of 
wood in rural properties as well as for direct sale 
and land use effi ciency. From these observations, 
many challenges and opportunities arise for sci-
entifi c institutions, rural extension agencies and 
public policies aiming to promote more sustain-
able and diversifi ed farming systems in this part 
of Brazil. 

 Research on silvopastoral systems has also 
spread widely, and research papers on topics of 
interest to practitioners have become more preva-
lent in conference proceedings. In Latin America, 
a biannual conference series on agroforestry was 
initiated in Colombia, in 1999, with seven well- 
attended conferences held to date. In Argentina, 
since 2009 triennial silvopastoral Congress 
increased the interest of farmers, scientists and 
governmental institutions. The proceedings of 
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these conferences are demanded by individuals 
and groups with an Interest in sustainable animal 
production, diversifi ed farm economies, biodi-
versity and animal welfare, among others. 

 Despite the many promises that silvopastoral 
systems in South America hold under appropriate 
conditions, there are also limitations arising from 
biophysical, socioeconomic and political condi-
tions. For example, depending on political and 
demographic pressures, it may be necessary to 
devote highly productive land to intensive food 
cultivation in order to meet local needs. Other 
limitations may arise from the time lag until the 
full benefi ts of silvopastoral practices become 
apparent. For example, soil conservation benefi ts 
and fi nancial return from tree harvesting may 
only become apparent after several years (prob-
lem similar to those in forestry). However, strate-
gic planning with an appropriate combination of 
pastures and animals with trees, both in space 
and time, may help to overcome these problems. 
Beyond this, silvopastoral system interventions 
at landscape level are often believed to contribute 
to several aspects of the social and cultural envi-
ronment, such as creating social stability (land 
tenure) or enhancing the aesthetic/recreation val-
ues of the landscape. This arises from the combi-
nation of production with protection functions 
give it the potential to meet some, or all, of the 
society expectations. For example, recent aca-
demic interest in managed lands as potential hab-
itat reveals the ecological and conservation value 
of shaded cropping systems as refuges for 
 wildlife and/or areas capable of providing eco-
logical services (Donald  2004 ). 

 This multi-authored book contains peer- 
reviewed chapters from leading researchers and 
professionals in silvopastoral systems topic in 
Southern South America (Argentina, Chile and 
Southern Brazil). It is a compendium of original 
research articles, case studies, and regional over-
views that summarizes the current state of knowl-
edge on different components and aspects 
(pasture production, animal production, trees 
production, carbon sequestration, conservation) 
of silvopastoral systems in native forests and tree 
plantations. Some chapters explore the technical 
details of particular systems, while others take a 

more holistic perspective. The authors have con-
ducted research in various silvopasture plots and 
interacted with managers, researchers, landown-
ers and extension agents working in silvopastoral 
systems in each country. Chapter   2     takes into 
account silvopastoral systems developed in native 
forest of the western Chaco (Argentina). In this 
ecosystem it seems to be an acceptable option for 
the management of the current vegetation a dis-
turbance regime of medium magnitude where 
native woody plant communities (secondary for-
ests and shrub thickets) dominate. Management 
recommendations are shown in order to provide 
good and services (meat, wood, diversity and 
wildlife) from Chaco ecosystems in a sustainabil-
ity framework. Chapter   3     deals with production 
of poplar ( Populus  sp.) and willow ( Salix  sp.) 
wood for multiple uses, spontaneous natural pas-
tures, and beef production in the silvopastures on 
the Lower Delta of the Paraná River, Argentina. 
Knowledge and management practices of silvo-
pastoral systems in the warm temperate (subtrop-
ical) humid climate region of Argentine 
northeastern provinces of Misiones and 
Corrientes is the focus of Chap.   4    . In general, 
these highly productive systems integrate a tree 
component (mainly  Pinus  spp.) planted in natural 
grasslands, or with exotic pasture species 
( Brachiaria  spp. and  Axonopus catarinensis ), 
and usually cattle cross-breeds of Braford and 
Brangus. In Chap.   5     results of research conducted 
over the past 15 years are summarized and man-
agement guidelines for the development of silvo-
pastoral systems based on ponderosa pine 
plantations established on natural grasslands in 
north west Patagonia, Argentina is also provided. 
The goals of the studies were to generate knowl-
edge for improving environmental and produc-
tion effi ciency in that region. In Chap.   6    , 
Patagonian experience with silvopastoral sys-
tems in native  Nothofagus antarctica  forests is 
reviewed. Information related to livestock pro-
duction, productivity and nutritive value of 
understory grassland, silviculture and wood pro-
duction, adaptive silvopastoral management and 
processes (litter decomposition, nutrients 
dynamic, carbon storage) and criteria and indica-
tor (C&I) to assess ñire forest’s sustainability are 
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informed. Silvopastoral systems in arid and semi-
arid zones of Chile are presented in Chap.   7    . It 
provides valuable information on the  Espinal , the 
most important silvopastoral ecosystem in cen-
tral Chile, where the infl uence of the leguminous 
trees on soil characteristics is a fundamental 
explanatory factor of the tree-grassland associa-
tion. In addition, it discusses the use of a fodder 
shrub,  Atriplex nummularia  where sheep are 
grazed in summer and autumn, and  Prosopis , 
which is adapted to extremely dry areas, on soils 
lacking nitrogen and under conditions of high 
sun radiation. In Chap.   8    , the authors present a 
novel  Nothofagus obliqua  -based silvopastoral 
trial that was established in the temperate Andes 
in order to rejuvenate the over-mature forests, 
and evaluate the quantity and quality of high 
nutritional value forage (grasses and herbaceous 
legumes) sown under different tree coverages. 
This study provides strategies and advice on how 
to adapt the results of the study to the particular 
socioeconomic conditions that are prevalent in 
the daily lives of rural communities. The chapter 
also includes technical aspects and economic 
data of  Pinus radiata -based silvopastoral sys-
tems established in semi-arid to humid zones of 
Mediterranean Chile. Finally, it summarizes sev-
eral experimental trials in the last 20 years with 
exotic species such as Cherry, Walnut, Poplar and 
Stone pine. Knowledge on silvopastoral systems 
in Chilean Patagonia is provided in Chap.   9    . It 
discusses the use of  Pinus contorta ,  P. ponderosa  
and  Pseudotsuga menziesii  and their effect in 
reducing wind erosion. Silvopastoral trials asso-
ciated to  Nothofagus pumilio  forests in 
Magallanes, where thinning resulted in increased 
soil temperature and moisture during the growing 
season. They also allowed for the growth of natu-
ralized species creating an ecotone between pas-
tures and forests of high biodiversity. Chapter   10     
includes the main scientifi c results collected from 
fi eld experiments in the cold zone of Brazil, 
including several C 3  and C 4  pastures (native and 
exotic) performances under shade, beef cattle and 
sheep performances and behaviour under tree- 
pasture systems, potential of trees species as well 
as a list of future challenges for research and 
rural extension service to increase the adoption of 
silvopastoral systems in Southern Brazil. 

 The main theme of the book is that farmers 
have integrated tree and pasture/grassland spe-
cies in their land use systems to reach higher pro-
duction per unit of land area, risk avoidance, 
product diversifi cation, and sustainability. These 
production systems also impact positively in 
main ecosystem processes. Issues of manage-
ment of these productive systems and implemen-
tation of supportive policy and socioeconomic 
aspects provide great opportunities and chal-
lenges for farmers and policy makers in our 
region. We believe the book is unique on this sub-
ject in Southern South America and constitutes a 
valuable reference material for undergraduate 
and graduate students, professors, scientists, 
landowners and extensionists who work with sil-
vopastoral systems.    
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    Abstract  

  The proper use of the environment in natural or transformed systems is a 
global issue and the most popular approach to its achievement is the devel-
opment of diversifi ed and environmentally friendly land-use systems that 
adopt adequate measures for its protection. In this sense, Silvopastoral 
Systems ( SPS ) that combine trees and animal production in the same area 
have an important role in diversifying and improving productivity in an 
environmentally friendly manner. In Misiones and Corrientes provinces 
(Argentina) the climate is defi ned as subtropical with frosts and a regular 
rainfall pattern; it is characterized by production diversifi cation and yerba 
mate ( Ilex paraguarensis ) is an iconic crop. Forestry development is the 
most important in the country and  SPSs  currently take up around 
100,000 ha in both provinces. They were particularly promoted in the past 
two decades following the results obtained in applied research and the 
transfer of technologies to the productive sector by the INTA (National 
Institute of Agricultural Technology), the Regional Consortia of 
Agricultural Experimentation, national and provincial agencies and other 
organizations of farmers. The information available about  SPSs  is pre-
sented, with reference to the production persistence of the forage compo-
nent – grassland and pastures with an emphasis on the adaptation of C 4  
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forage species, improvement of their nutritive quality, effect of shade on 
soil fertility and cattle receptivity. The physical and mechanical properties 
of low density plantations ( SPSs ) were identifi ed as signifi cantly higher 
than in the intensive forestry system. Various methodologies are presented 
as applied to the economic and fi nancial analysis of  SPSs , like planning 
and management tools. The business limitations to the adoption of  SPSs  in 
both provinces include the capital investment required and, in the case of 
Misiones, the small size of the farms. The impact of  SPSs  is promising at 
a social level (higher income for the farms and genuine job generation), 
for the environment (sustainability of the resources), and for the economy 
of the territories (generation of products with a current or future differen-
tial value and effi cient use of resources).  

  Keywords  

  Silvopastoral Systems   •   Properties   •   Argentinean Mesopotamia provinces  

2.1         Introduction 

 The proper use of the environment, in natural or 
transformed systems, is a global issue and the 
most popular approach to its achievement is the 
development of diversifi ed and environmentally 
friendly systems because they adopt adequate 
measures for its protection. Throughout the his-
tory of mankind, in one period or another, agro-
forestry was one of the common practices, 
cultivating trees and agricultural crops in inti-
mate combination with one another (King  1987 ). 

 Today, there are different models of agrofor-
estry, and  SPSs  represent a modality for the use 
of the land; they combine trees and livestock in 
the same area for the purpose of diversifying and 
improving productivity in an environmentally 
friendly manner. The products obtained range 
from cattle products (meat, milk, wool, hides, 
etc.) to timber and non-timber forest products. 
They allow for the diversifi cation of production 
activities, obtaining income from the sale of tim-
ber, animals and/or for family consumption, 
making a more effi cient use of the soil in a sus-
tainable manner (Cameron et al.  1994 ). 

 Another benefi t of these systems, according to 
Sotomayor et al. ( 2009 ), is the protection pro-
vided by the forest to the livestock in adverse cli-
mate conditions; to the soil by reducing 

deterioration (erosion, compacting, strong sun-
burn, microfl ora and microfauna), to the water 
courses and sources and besides, they reduce the 
risk of fi res. 

 In the Argentinean provinces of Corrientes 
and Misiones, with an animal husbandry and for-
estry tradition respectively,  SPSs  were initially 
adopted by forestry companies that included cat-
tle in a limited time and space. The forest was 
grazed in the period between 1.5 and 2.5 years 
and 5–6 years from planting for the sole purpose 
of eliminating the accumulated forage turned into 
combustible material and thus reduce the risk of 
fi res. The  SPS  as such was only used around 25 
% of the total forestry cycle. More recently, cattle 
raisers that adopt forestry promote  SPSs  because 
they integrate both activities until the end of the 
forestry cycle. At the same time, these farmers 
demanded technologies for the set up and man-
agement of  SPSs , emphasizing the need to main-
tain a lower number of plants per hectare in order 
to know the effect of incident light, obtain a bet-
ter quality of timber, adapted forage resources 
and stocking rates for cattle (Ligier  2002 ). This 
chapter presents a historical and production 
description of both provinces and the evolution 
of these systems, from the fi rst attempts for a par-
tial integration of forestry and grazing, to the 
technological contribution made by research.  

S.M. Lacorte et al.
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2.2     Characteristics of the Region 

2.2.1     Ecological Characteristics 

 Misiones and Corrientes are two of the provinces 
that make up the Argentinean Mesopotamia sur-
rounded by the Paraná river to the NW-W and the 
Uruguay river to the E. Corrientes includes the 
wetland known as Iberá; the province has a total 
area of 9 million hectares (22.2 million acres), 
and the Iberá covers around 2 million hectares 
(4.9 million acres) covered by swamps, marshes, 
lagoons and soils that retain humidity due to defi -
cient drainage. 

 Both provinces concentrate the largest forest 
area in the country with exotic species, mainly 
Pines and Eucalyptus. The latest forest inventory 
carried out in both provinces indicated a total of 
370,000 ha (914,000 acres) and 580,000 ha (1.4 
million acres) (SIFIP  2010 ) in Misiones and 
Corrientes respectively, with annual increases of 
10,000 ha (25,000 acres) in each. 

 The climate, in the agro-ecological region that 
includes both provinces, was classifi ed as humid 
subtropical, with a predominantly regular rainfall 
pattern. Average annual rainfall is 1,824 ± 435 mm 
regularly distributed throughout the year 
(Papadakis  1974 ; Müller and Bopp, series  1927 –
2007). Mean annual temperature is 21.5 °C ± 1.3; 
the average absolute minimum temperature is 
−0.2 °C for July and the average absolute maxi-
mum temperature is 37.2 °C for January (Müller 
and Bopp, Series  1970–2007 ). The frost season 
extends from early May to mid September 
(Pachas  2010 ). Other authors also indicate that 
the rainfall pattern is regular (1,054–2,089 mm 
per year) (Galeano cit. by Fernández et al.  1996 ). 

 The ecological subregions located in the 
departments in the center and North of Misiones 
along the border with Paraguay and Brazil,  Alta 
Misiones  (High Misiones) and  Misiones Centro  
(Central Misiones) (Papadakis  1974 ), are charac-
terized by the forest formation of the  Paranaense 
Rainforest , that belongs to the Amazon domain 
(Cabrera  1976 ). The subregion known as 
“Campos Misioneros-Correntinos” (Misiones- 
Corrientes fi elds), ranging from the South of 
Misiones to the NE of Corrientes, mainly pres-
ents grasslands and wooded formations in islets 

associated to water sources, creating a network 
that fl ows towards one of the two large surround-
ing rivers. 

 The predominant soils in Misiones are dark 
red, with a clay texture and well drained, from the 
large groups of Kandihumults and Kandiudalfs 
(Ligier et al.  1990 ). The topography is undulating 
with 3 % slopes (Fernández et al.  1996 ). Frangi 
( 2008 ) indicates that the soils, derived from the 
meteorization of the basaltic rock, are diverse and 
include mollisols, alfi sols and ultisols. In 
Corrientes, the predominant soils are acid sandy 
soils and mollisols, with low contents of phos-
phorus and sodium, which limits the growth and 
quality of the forage as well as the productive and 
reproductive performance of the cattle in this 
region (Escobar et al.  1996 ). 

 Both provinces present areas with very differ-
ent backgrounds in the use of their natural 
resources (Fig.  2.1 ).

   The ecological subregions located in the 
departments in the center and North of Misiones 
(2 and 3), on the border with Paraguay and Brazil, 
have participated in national economic activities 
mainly through the exploitation of native forests 
and the plantations of yerba mate ( Ilex paraguay-
ensis ), since the arrival of the immigrants in the 
early twentieth century (Günther et al.  2008 ). 

 The ecological subregion that covers the 
departments in the South of Misiones and the NE 
of Corrientes (1), predominantly grasslands and 
wooded formations in islets associated to water 
sources and others that mostly follow the course 
of the rivers, focused on animal husbandry since 
the arrival of the Jesuits in the seventeenth cen-
tury; this became the typical activity to this day. 
Cattle breeding based on synthetic and indefi nite 
breeds with a proportion of Indian blood prevails 
(Lacorte and Esquivel  2009 ). 

 The plantations of fast-growing tree species 
began in the early 1950s, fi rst with the settlement 
of the cellulose industry and then promoted by 
tax incentive systems. There were some attempts 
to develop SPSs in the North of Misiones in the 
1970s. Then several farmers started these sys-
tems with native forests (locally called “par-
quizados”) or with trees planted on the coast of 
the Paraná river and in the North of Corrientes, 
that for several reasons did not succeed (Fassola 
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et al.  2004 ). These authors indicate that the tech-
nical bases for the management of these systems 
are laid in the mid 1980s with the fi rst forest and 
livestock studies, such as the one by Navajas 
et al. ( 1992a ), Goldfarb et al. ( 2007b ) which con-
tributed a large part of the knowledge available 
today. Following this partial integration of forest 
and livestock systems,  SPSs  were considered by 
livestock breeders as an alternative to diversify 
production and improve the profi tability of the 
traditional system.  

2.2.2     Productive Activities 

 In Corrientes, the main productive activity is cat-
tle breeding with around 4.8 million head, fol-
lowed by sheep; both occupy 71 % of the territory 
of the province. This province has 6 million hect-
ares (15 million acres) of grasslands with pasture- 
fed cattle raising; the traditional system of cattle 
breeding prevails, and is currently evolving to 
integrated breeding, post-weaning and beef cattle 
systems. Between 2002 and 2013, the area 
planted with Pines and Eucalyptus increased 
from 283,028 to 500,000 ha and, as a result, the 
area dedicated to cattle was reduced. Following 
this partial integration of forest and livestock sys-
tems,  SPSs  were considered by livestock breed-
ers as an alternative to diversify production and 
improve the profi tability of the traditional sys-
tem. Currently, almost 60,000 ha are under these 
systems with various degrees of applied technol-
ogy (Esquivel com.pers. 2013). 

 The province of Misiones presents a variety of 
agricultural and livestock activities in its terri-
tory; it is an outstanding producer of quality tim-
ber (planted and native forests), yerba mate, tea, 
tobacco, citrus and beef. Around one fourth of its 
area, mainly in the North, is still covered by 
native rainforests, with various degrees of inter-
vention and submitted to extractive management 
systems without replacement. 

 Compared to the rest of the country, both 
provinces make a high use of  SPSs ; in the prov-
ince of Misiones there are 40,000 ha under this 
system (SIFIP  2010 ), which, added to the 
60,000 ha in Corrientes, amount to around 
100,000 ha (com. pers. 2013).  

2.2.3     Evolution in the Use of Natural 
Resources 

 Fassola et al. ( 2009 ) identify several stages in the 
use of natural resources; the fi rst stage started 
with the aboriginal agriculture before the Spanish 
colonization. The two Guaraní groups that lived 
and still live in the region (Keller  2001 ; Frey 
et al.  2012 ) used to practice (and still do) the 
slash-and-burn technique, which allowed them to 
obtain plenty of vegetable food for a certain 
period of the year (Carbonell de Masy  1992 ). 
Although the crops developed in wooded envi-
ronments cannot be considered agroforestry, 
ethno-botanists have determined that the crops 
benefi ted from the forests due to the lower envi-
ronmental demand they faced during the spring 
and summer and the protection against the late 
frosts that are common in the region. Just like in 
other parts of the world, it is possible to say that 
the Guaraní agroforestry systems took care of 
food safety, while the forests had the main func-
tion of recovering fertility once the land was 
abandoned. 

 During the colonial period, the main infl uence 
was observed following the arrival of the Jesuits 
from Peru to Santiago del Estero around 1585 
and from Paraguay to the Guaraní territory in 
1587 where they founded the missions (Fassola 
et al.  2009 ). They organized the guaraní villages 
with political, social, military and economic 
structures that were unprecedented at the time. 
The contact between these villages and other 

  Fig. 2.1    Province of Misiones and NE of Corrientes 
(1-2-3 Ecological Subregions, Papadakis  1974 ). Areas 
promoted for forestry       
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 cities in the Viceroyalty of the Río de la Plata 
generated commercial exchanges. This period 
culminated with the domestication of the  Ilex 
paraguariensis  – a native tree species from the 
Paranaense Rainforest used to obtain the yerba 
mate, and the introduction of extensive cattle 
farming in the grassland region known as  Campos 
Misioneros / Correntinos . This process was inter-
rupted with the expulsion of the Jesuits by the 
Spanish Crown in 1767, although their infl uence 
remained for centuries. 

 Years later, the wars for Independence and 
then the civil wars and the War of the Triple 
Alliance -Argentina, Brazil and Uruguay against 
Paraguay, between 1865 and 1870- turned this 
region of low relevance for the country in eco-
nomic and political terms into a region with a 
bigger infl uence in the national context. The end 
of the War of the Triple Alliance (1870) led to the 
development of navigation along the Paraná river, 
used to transport the products from the harvest of 
the natural yerba fi elds and the timber from the 
timber yards in Misiones to the port of Buenos 
Aires (Alcaráz  2006 ). At the same time, the 
Argentine North Eastern Railway, which oper-
ated a standard gauge railway network (1,435 
mm), was expanded to reach Paso de los Libres 
(1894), Santo Tomé, in the NE of Corrientes 
(1901), and Posadas, Capital of the province of 
Misiones (1911). 

 These communication lines contributed to the 
integration of this region with the national econ-
omy, particularly the current province of 
Misiones, which was a National Territory in 
those days. This facilitated the arrival of the 
immigrants in the late nineteenth and early twen-
tieth centuries, who were mostly dedicated to the 
exploitation of native tree species and growing 
yerba mate ( Ilex paraguariensis ). In the grass-
lands in the North of Corrientes, where immigra-
tion was very low, extensive cattle farming 
continued being the most relevant. This activity 
was similarly developed in the South of Misiones, 
where there were no colonies. Cattle breeding, 
initially Creole breeds and then predominantly 
with a high proportion of Indian blood, was the 
most signifi cant (Lacorte and Esquivel  2009 ; 
Lacorte  2014 ). 

 On the other hand, World War I and II pro-
moted the country’s industrialization and the 
need to substitute imports such as paper and cel-
lulose. Fast-growing tree species were fi rst grown 
in this region in the late 1940s, with the settle-
ment of cellulose industries and then the imple-
mentation of fi scal incentives. As a result, cattle 
breeding was concentrated in the fi elds in both 
provinces and single crops such as yerba mate, 
tea, conifers and annual species like tobacco, 
occupied the center/North of Misiones and North 
of Corrientes, and would then become the sym-
bol of the region.   

2.3     Current Status of Knowledge 
on Silvopastoral Systems 

2.3.1     Initial Experiences in Misiones 
and Corrientes 

 The growth of the Argentine forestry industry 
sector in Misiones and Corrientes is one of the 
most promising events for the country’s produc-
tive activity. This is due to the forest potential 
resulting from the high growth rates of various 
tree species, the climates and the large extensions 
of optimum soils, and the incentives for the 
development of the activity through the law that 
regulates the activity with a non-refundable 
fi nancial support for planted forests. 

 The rapid acceptance and dissemination of 
these systems generated demands for knowledge 
on the interactions between their components, 
particularly the effect of spacing arrangements, 
densities and combinations of tree species on the 
productivity of the forage and the livestock. 
Several technologies under development focus 
on the operation of real silvopastoral production 
systems that integrate the soil-forage-tree-cattle 
components (Goldfarb  2009 ). 

 Simultaneously with the appearance of  SPSs  
in the North of Misiones and NE of Corrientes in 
the 1970s, the initial experiences to evaluate the 
effect of grazing on the development of tree spe-
cies were conducted by forestry companies that 
were initially involved in the activity. These led 
to results on the combination of forage species 
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with  Melia azedarach  (“chinaberry”) as the for-
est component; other experiences studied the use 
of  Pinus elliottii  and  Axonopus compressus  (“car-
pet grass”) (Kozarik and Ruiz  1978 ). 

 Other species of summer or temperate grasses 
and forage legumes were then evaluated (Morales 
 1984 ); no negative effects were observed on the 
height growth of the  Pinu s ssp. in these combina-
tions (Di Blasi  1989 ). 

 In Misiones, Kozarik and Varela ( 1989 ) used 
 Axonopus compressus  to determine that the dif-
ferences observed in diameter at breast height 
(DBH) and total height compared to the sample 
without pastures 3 years after planting, were 
minimum or higher in the combination (Morales 
 1984 ). These experiences focused on obtaining 
results on the effects on the forest growth, 
rather than on the grasses and the interactions 
between them. In fact, the main purpose was to 
reduce costs in the cultural care of forest plan-
tations, similarly to the South East of Asia 
where these practices started in the mid-nine-
teenth century at the Teak plantations ( Taungya  
system, developed in Burma, now Myanmar) 
(described by Escalante and Guerra in this 
volume). 

 Furthermore, a forest cluster was consoli-
dated, generated from a relevant cellulose pro-
duction and the reconversion of the veneer and 
sawn timber industry, which mostly used raw 
materials from planted forests due to the decline 
in native forests. This process was accompanied 
by the expansion in the livestock activity in the 
center of the province of Misiones. In this con-
text,  SPSs  were managed in the traditional man-
ner, similar to the plantations in clusters, which 
required thinning; they were intended for cellu-
lose production, when the prices of this product 
were and still are very low, delaying the produc-
tion of logs for sawn timber or veneer timber. 
Subsequently, other areas in hilly regions were 
deforested to plant pastures, and in the rainforest 
the understorey was eliminated while keeping the 
canopy and planting pastures underneath. In 
many of these areas the forest and the soil were 
degraded; the isolated trees, without the support 
of the surrounding canopies, were uprooted by 
strong wind storms.  

2.3.2     Tree and Forage Species Used 
in SPSs in Misiones 
and Corrientes 

 The preliminary results obtained from the  SPSs  
demanded, particularly from the livestock sector, 
a deeper knowledge about the settlement and 
management of these systems. The argument that 
generated this demand was that these systems 
fl exibilize the economy of the farms because the 
livestock provides the cash fl ow and forestry pro-
vides the capital increase. 

 These demands encouraged the search for new 
knowledge from a systemic perspective, which 
was favored by the availability of silvicultural 
tests carried out by the INTA based on the concept 
of “Direct Silvicultural Treatments” (Fassola 
 1991 ). This approach proposed a combination of 
pruning and thinning to concentrate growth in the 
best trees, discard the thinning for cellulose and 
evaluate the behavior of the forage, with grasses 
and forage species to form pastures under the can-
opy (Benvenutti et al.  2000 ; Goldfarb et al.  2012 ). 
Another proposal was to evaluate the livestock 
component in productive and reproductive terms, 
by comparing performance under the tree canopy 
and in open areas (Navajas et al.  1992a ,  b ). 

 In the 1990s, the evaluations focused on the 
forest component and the others – forage, live-
stock and the environment- were only considered 
to the extent that they affected the forest. Several 
groups were formed since the year 2000 with 
professionals from various disciplines, both from 
the public sector, the INTA and private consul-
tants from the CREA (Regional Consortia of 
Agricultural Experimentation) that directed 
research to the study of  SPSs  with a systemic 
approach. Some tests were started at the INTA’s 
Experimental Stations and at private lands in 
order to obtain results on the interactions among 
the components, the development of manage-
ment guidelines and the quality of the system’s 
products. The evaluation of the  SPSs  in real pro-
duction systems in both provinces revealed a 
diversity of models combining forest species, 
types of grasslands, pasture plantations, livestock 
systems and management. A survey was con-
ducted in both provinces in order to characterize 
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these models, and 82 different  SPS  models were 
detected, which confi rmed their wide and rapid 
dissemination (Goldfarb et al.  2010 ). 

 The forest species in this region are used for 
timber, mainly high quality timber for decorating 
purposes. The most evaluated, disseminated and 
used in the SPSs in both provinces are:  Pinus 
taeda ,  Pinus elliottii ,  Pinus caribaea ,  Pinus 
elliottii x Pinus caribaea var. Hondurensis , 
 Eucalyptus grandis ,  Grevillea robusta ,  Mellia 
azederach ,  Paulonia  sp. (Fassola et al.  2002a , 
 2007 ; Benvenutti et al.  1997 ; Alegranza et al. 
 1997 ; Colcombet et al.  2002 ; Pérego  2002 ; 
Pachas et al.  2008 ; Lacorte  2001 ; Lacorte et al. 
 2003 ). 

 The forage grasses combined with these forest 
species, besides the grasslands in both provinces 
and the agri-eco-regions in each, are:  Brachiaria 
brizantha  cvs Marandú, Toledo, Mulato and 
MG5;  Setaria sphacellata  var.  Sericea  cv Narok; 
 Brachiaria humidícola ;  Chloris gayana  cv 
Callide and  Panicum maximun  among those pro-
duced and propagated by seeds (Goldfarb et al. 
 2011 ). Those propagated by vegetative propaga-
tion are:  Axonopus catarinensis ,  Axonopus com-
pressus ,  Acroceras macrum ,  Pennisetum 
purpureum  and the legume  Arachis pintoi  when 
there is no availability of seeds. This one and 
 Chamaescrista rotundifolia  are two of the few 
forage species incorporated to the experiences 
with  SPSs  given their promising performance in 
this and other regions, although the scarcity of 
seeds still limits their massive use in these sys-
tems (Lacorte et al.  2006 ; Pachas et al.  2010 ; 
Rossner et al.  2008 ,  2010 ; Goldfarb et al.  2008 , 
 2009a ,  b ; Skromeda  2013 ).  

2.3.3     Interactions between Forest 
and Pastures; Forage 
Productivity 

 In  SPSs , trees and forage compete for water, soil 
nutrients and light. The tree canopy captures the 
solar energy and, depending on the age, tree spe-
cies, density, planting system and silvicultural 
management, imposes favorable or adverse con-
ditions for the growth of the forage species 

beneath it (Andrade et al.  2002 ). The shade sensi-
tivity varies with the species; in megathermic 
grasses, forage production decreases when the 
incident light beneath the canopy is below 40 % 
(Goldfarb et al.  2014c ). 

 One of the variables under study is the quantity 
and distribution of the shade that reaches the for-
age and how it affects its productive persistence. 
The forage species listed above were incorporated 
to the  SPSs  because they have a higher shade tol-
erance as shown in the results from the tests con-
ducted by the INTA and in real production systems 
(Vallset al.  2000 ; Rossner et al.  2011 ; Benvenutti 
et al.  2000 ; Lacorte and Esquivel  2009 ; Fassola 
et al.  2005 ,  2006 ; Lacorte et al.  2004 ,  2006 ; 
Goldfarb et al.  2007a ,  b ,  2013a ,  2014a ,  b ,  c ). 

 The effect of  Pinus elliottii  var.  elliottii  x 
 P. Caribaea  var.  hondurensis  (hybrid pine) 
planted at two densities −400 and 250 trees/ha- 
and two spacing arrangements – single rows and 
double rows- was evaluated through the produc-
tion of forage dry matter (kgDM.ha −1 ) of 
 Brachiaria brizantha  cv Marandú. Both the den-
sity and the spacing arrangement affected forage 
production, which was more stable with double 
rows than with single rows at the same density 
(Pachas et al.  2009 ; Goldfarb et al.  2009c ,  2014a ). 
The same experiment measured the incidence of 
light and it was determined that at the same den-
sity, the incidence is higher in double rows than 
in single rows (Goldfarb et al.  2014d ). 

 Another species that stood out for its shade 
and cold tolerance as well as for the quality of the 
forage is  Axonopus catarinensis  Valls (sp.nov. 
unpub.), a natural hybrid between  A. jesuiticus  
(Araujo) Valls  x A. scoparius  (Flüggé) Kuhlm, 
known in the region as giant Jesuit grass (Pavetti 
and Benvenutti  2003 ; Pavetti et al.  2004 ; Pachas 
et al.  2004 ,  2008 ; Rossner et al.  2009 ). 

 In the fi rst papers that evaluated grass growth 
under artifi cial shade, Pachas et al. ( 2004 ) worked 
with  Axonopus catarinensis  and determined a 
higher accumulation of dry matter with 50–65 % 
of photosynthetically active radiation (PAR) 
compared to the open areas. Similarly, Lacorte 
et al. ( 2004 ) worked with  A. compressus  and 
found out that with 50 % artifi cial shade, the dry 
matter accumulation was 837,033 kgDM.ha −1 , 
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signifi cantly different from the 2059 kgDM/ha 
achieved with 0 % shade. 

 Pachas ( 2010 ) determined a signifi cant increase 
in the aboveground net primary production (ANPP) 
of  Axonopus catarinensis  under 38 % shade, of 41 
% compared to the plants under the direct sunlight, 
whereas with a higher shade (53 % and 71 %) the 
ANPP was similar to the plants under direct sun-
light. In  Arachis pintoi , the increase was not sig-
nifi cant: the ANPP was 12 % higher under 38 % 
and 53 % shade than in the direct sunlight, whereas 
with 71 % shade the ANPP fell by 13 % compared 
to the treatment with direct sunlight. This higher 
annual ANPP under shade was due to the increase 
in the growth rate in the seasons with a higher 
water defi cit (end of summer and fall) and to a 
lesser extent to the winter growth. 

 In dark red soils  Eucalyptus  sp. is used for its 
fast growth and shorter rotation compared to 
 Pinus  sp. In these  SPSs , forest management has 
an impact on the persistence and productivity of 
the forage. In  Brachiaria brizantha , one of the 
forage species used with Eucalyptus, botanic 
composition and forage production (CB kg 
DM.ha −1 ) were evaluated under the canopy, 
planted in double rows with 4 m spacing between 
rows ×2 m between plants ×19 m of alley. This 
test determined that up to the fi fth year of the sys-
tem, both variables were not affected by the tree 
canopy (Goldfarb et al.  2014d ). 

 In areas with grasses as forage component of 
 SPSs , the evaluation considered the effect of shade 
levels, the sensitivity of the forage species, the 
aboveground and root forage availability, weed 
invasion and livestock performance under differ-
ent arrangements, densities and combinations with 
forest species (Goldfarb et al.  2007a ,  b ,  2013b ). 

 Aboveground forage availability (DM kg.
ha −1 ) and the botanic composition of the grasses 
in a soil with defi cient drainage, locally known as 
“ malezales ”, were modifi ed in a  SPS  with  Pinus 
elliottii  compared to the same grassland in an 
open area. The predominant species in this grass-
land, outside the canopy,  Hypoginium virgatum  
and  Sorghastrum setosum  were replaced under 
the Pine canopy with  Axonopus compressus  in 50 
% of the total forage available. It should be noted 
that  Axonopus compressus  has a high forage 
value (Goldfarb et al.  2007a ,  b ). 

 In a grassland with predominance of 
 Andropogon lateralis  and  Sorghastrum setosum  
integrating a  SPS  with  Pinus elliottii  var  elliottii  
x  P. caribaea  var  hondurensis  (hybrid Pine) and 
different densities, 646 trees/ha, 400 trees/ha and 
250 trees/ha, the sensitivity of the forage species 
was evaluated in terms of total forage production 
(DM. kg.ha −1 ) compared to the same grassland 
outside the canopy. The forage production of the 
grassland decreased signifi cantly with the higher 
tree density (5000 kg.ha −1  outside the canopy vs. 
1600–2000 kg.ha −1  under the canopy). This 
reduction was due to the fact that some species 
that are sensitive to low radiation, like 
 Andropogon lateralis  and  Sorghastrumsetosum , 
disappeared while other species with a higher tol-
erance, like  Axonopus compresuss y Axonopus 
argentinuss , were developed instead. Although 
the tree canopy provides protection during 
extreme climate events, it also competes for the 
incident light that is not captured by the canopy. 
The lower production of biomass is offset by the 
contribution of species with a higher forage value 
(Goldfarb et al.  2013b ). 

 Fassola et al. ( 2005 ), in a test with different 
pruning and thinning treatments in  Pinus taeda  
and  Axonopus jesuiticus , established a high asso-
ciation between the biomass production of the 
grass and the section in the base of the live crown 
(r = 0.71, ns: <0.0001) and a low relation with 
environmental factors such as rainfall and tem-
perature. The variables related to stand leaf bio-
mass, tree size and stand age showed a higher 
potential to be used as predictors of annual pro-
duction of the grasses.  

2.3.4     Interactions between Trees 
and Pastures: Quality 
of the Forage 

 Lacorte et al. ( 2004 ) evaluated the forage quality 
under artifi cial shade and 1 year later, they 
observed an increase in the phosphorus content in 
the green forage expressed in dry matter. The 
increase in the gross protein was erratic with 
respect to shade levels (Table  2.1 ).

   Pachas et al. ( 2004 ) conducted tests with 
 Axonopus catarinensis  and observed that under 
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artifi cial shade conditions, gross protein content 
increased whereas soluble carbohydrate levels 
were reduced. This author (Pachas  2010 ), citing 
several authors, indicates that the increases in 
specifi c leaf area, plant height and, to a lesser 
extent, leaf area index, all contributed to ensur-
ing a higher radiation capture when this was lim-
ited. The increase in specifi c leaf area under 
shade conditions is the most important factor in 
the maximization of the carbon gain per unit of 
leaf mass. The results of his experience indicate 
that although the leaf biomass increased by 11 
%, the stem biomass was higher (44 %), because 
the plants in the shade generated more support-
ive tissue and therefore increased their height. 
Furthermore, the root biomass decreased signifi -
cantly. The changes associated to a higher 
assimilate partition to the leaves and the archi-
tecture of the plants are strategies to improve the 
ability to intercept radiation in the plants grow-
ing under the shade. However, this response 
might lead to higher vulnerability in these plants 
when they are exposed to overgrazing and/or 
droughts. 

 In the same test, both in  A. catarinensis  and in 
 Arachis pintoi  the shade increased the concentra-
tion of some minerals (P, Cu and Fe); the concen-
tration of Mg and Mn in the legume and of K and 
Zn in the grass. However, shade reduced the con-
centration of Ca and Mn in the grass (Pachas 
 2010 ). This author, as many others, indicates that 
the higher concentration of nutrients in forage 
species would be more related to the higher avail-
ability of nutrients in the soil and/or higher 
absorption due to the higher water availability. 

Citing Cruz ( 1997 ), he indicates that the absorp-
tion of P and K in the forage species is increased 
with the shade, mainly in the seasons with lim-
ited water availability. He also indicates that 
another reason for a higher P availability in the 
shade is the higher association of the plant with 
soil microorganisms that increase the solubility 
and absorption of that element. 

 Uguet and Lacorte ( 2014 ) observed that the 
phosphorus content in grass leaves was higher in 
the  SPS  treatment than in open areas (Fig.  2.2 ). 
They indicate that this difference in phosphorus 
content in leaves was determined and explained 
by several authors that also attribute this phe-
nomenon to a better mineralization of the organic 
matter due to a higher microbial activity and/or 
an improvement in water availability. They also 
state that, for other authors, the shade would 
increase the phosphorus availability due to a 
higher association between the plants and the 
microorganisms that increase the phosphorus 
solubility and absorption.

   Gross protein was higher in the  SPS  treatment 
than in open areas (Fig.  2.3 ). This 31.7 % differ-
ence reveals one of the strengths of  SPSs . 
According to Uguet et al. ( 2014 ), these results are 
consistent with the responses documented in sev-
eral studies with other grass species. Several 
hypotheses are presented to explain the positive 
effect of the shade on the nitrogen concentration 
in the DM. One of them attributes this to a reduc-
tion in cell size caused by the shade. Another 
hypothesis is based on the reduction in the 
 photosynthesis and the consequent increase in 
nitrogen concentration.

    Table 2.1    Chemical analysis of the Green Forage of  Axonopus compresus  (Swartz) Beauv., 1 year after starting the 
experience   

 Treatments  Shade (%)  Phosphorus (g.100 gDM −1 )  Nitrogen (g.100 gDM − ) 

 With fertilization 
(260 kgSPT Ca.ha −1 ) 

 0  0.231  10.3 

 30  0.254  9.6 

 50  0.254  9.3 

 65  0.291  12.5 

 Without fertilization  0  0.170  9.4 

 30  0.174  10.2 

 50  0.201  9.2 

 65  0.209  12.1 
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   Uguet and Lacorte ( 2014 ), based on several 
authors, explain that the increase in N and other 
minerals is due to the higher availability, given the 
higher mineralization of the organic matter in the 
soil under the canopy and the higher absorption of 
N. This results from a better effi ciency in the use 
of water, because the shade generates physiologi-
cal changes that increase that effi ciency. On the 
other hand, the shade reduces evaporation and the 
temperatures are favorable to microbial develop-
ment in the soil, which favors mineralization and 
the higher availability of nutrients. 

 Uguet and Lacorte ( 2014 ) observed differ-
ences in ADF (acid detergent fi ber), with an aver-
age of 34.16 % in  SPSs , signifi cantly lower than 

the average of 36.14 % in open areas. Similar 
results were recorded in the NDF (neutral deter-
gent fi ber), which was of 63.10 % in  SPSs , sig-
nifi cantly lower than the 68.38 % in open areas. 
No signifi cant differences were recorded in the 
Lignin content, which was of 5.14 % in open 
areas and the 4,36 % in  SPSs  (Figs.  2.4  and  2.5 ).

    The growth of the forage between the estab-
lishment of an  SPS  and the fi rst grazing is a situ-
ation that has to be solved, for instance, with 
mechanical weeding or rotations with high stock-
ing rates. In traditional grazing systems, the 
accumulated DM is usually eliminated by burn-
ing, very rarely prescribed, which obviously can-
not be done in the early stages of  SPSs . 
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  Fig. 2.2    Phosphorus content evolution in sample leaves 
from the forage accumulated during the winter season in a 
typical grassland (Province of Corrientes) in an open area 

and under  SPS  conditions.  *  Dates with no cutting in the 
treatment in open areas due to no growth recorded (Uguet 
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Samarakoon et al. ( 1990 ) and Uguet ( 2013 ) 
reported increases in NDF and ADF under the 
shade, and this was associated to an increase in 
the proportion of the cell wall due to a  reduction in 
the percentage of non-structural carbohydrates. 

 Some soil analysis in tests conducted in the 
South of Misiones detected a higher concentra-
tion of assimilable phosphorus under the canopy 
of  Grevillea robusta  than under hybrid pine ( P. 
elliottii  x  P. caribaea ) and  P. taeda ; although the 
total phosphorus concentration was similar in the 
three species. On the other hand, the leaves of 
 Toona ciliata  growing under the canopy of 
 Grevillea robusta  present more phosphorus than 
the leaves of the  Grevillea robusta  itself, which 

would indicate that this element is made avail-
able for the accompanying crops and the forage 
(Cordel et al.  2008 ).  

2.3.5     Effect of Tree Canopy 
and Grazing on the Soil 

 A study on the interactions among the compo-
nents of an  SPS  determined that the growth of the 
tree component (Grevillea) did not present sig-
nifi cant differences under closure or continuous 
grazing, being slightly higher in the latter treat-
ment (Lacorte et al.  2003 ). The same study estab-
lished that there were no signifi cant differences 
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in the apparent density of the soil with 4 years of 
grazing vs. closure without grazing. 

 As to the water content of the soil under the 
canopy of 6-year old  Pinus helliottii  (Fig.  2.6 ), 
the levels were constant in the  SPS  but not in 
open areas. In August 2010, the month with the 
lowest rainfall in the winter, the content was sig-
nifi cantly higher in the  SPS  (open area 70.81 % 
vs.  SPS  79.53 %).

   Uguet ( 2013 ), citing several authors such as 
Pachas ( 2010 ), indicated that through different 
processes like reduction of the evaporation 
demand, the uptake of groundwater by hydraulic 
lift, the attenuation of high temperatures, the 
improvement of edaphic conditions and the con-
tribution of nutrients, the tree cover may benefi t 
the species understorey maintaining, and even 
increasing, their productivity despite the lower 
radiation under the canopy. 

 Another experience under non-continuous 
artifi cial shade with separate boards to achieve 
different shade intensities (Fig.  2.7 ) revealed that 
as the shade increases, the volumetric moisture 
content of the soil is higher at a 200 mm depth.

   With reference to the agronomic temperatures 
at soil level (0.05 m height), Fig.  2.8  shows the 
trends with no signifi cant differences between 
treatments in average monthly absolute maxi-
mum, minimum and mean temperatures.

   Comparing the readings of the absolute maxi-
mum and minimum temperatures, it is possible to 

observe a trend for higher temperatures under 
 SPSs  compared to open areas, but this trend is 
reversed for absolute mean temperatures. This 
may be due to the fact that mean temperatures are 
more constant under  SPSs , and the temperature 
range is more reduced than in open areas, where 
temperatures are higher during the day and lower 
during the night. Temperatures below 0 °C were 
registered in open areas (Uguet  2013 ).  

2.3.6     Livestock Productivity 

 A  SPS  was evaluated at a farm in the South of 
Misiones for 9 years; its components were 
 Gevillea robusta ,  Brachiaria brizantha  cv 
Marandú as grass, young categories of cattle with 
different degrees of Brangus and Braford cross-
ings. The stocking rate ranged between 0.63 and 
1.95 animal/ha, depending on the forage avail-
ability and supply. The daily weight gains 
achieved were above 0.492 kgLiveWeight.an −1 .
day −1  during six cycles and 0.250 kgLW.an −1 .
day −1  in the three remaining cycles. When heifers 
were used in this same experience, they reached 
the breeding weight (300 kgLW) in their fi rst 
autumn after weaning; as to the calves, they were 
moved to the steer category in 27 months with 
450 kgLW.an −1 . Although frosts were registered, 
they had no effects on the forage during the 
experiment, except in the forest edges and in 
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open areas within the forest with little o no can-
opy protection (Lacorte et al.  2009 ). 

 The productivity of the heifers was com-
pared in open areas and under a canopy of  Pinus 
elliottii  and  Axonopus compresuss  grasses, in 
terms of weight gains, body condition and geni-
tal development. Performance was higher in 
heifers in  SPSs  compared to those in open areas. 
This would allow to breed them in the fi rst 

autumn, when they are 18 months old, thus 
advancing the useful life of the wombs. In the 
case of fattening steers on grasslands similar to 
the above, the same trend was observed in daily 
weight gains (Table  2.2 ). It should be noted that 
in the SPSs the grassland was closed until the 
start of the experience whereas in the open areas 
there were strategic burns (Goldfarb et al. 
 2007a ,  b ).

  Fig. 2.7    Average volumetric soil moisture content from the fi rst 200 mm of depth in a pure crop of  Axonopus catari-
nensis  for four shade treatments (interrupted curves due to data losses) (Pachas  2010 )       

April 6, 2010 May 5, 2010 May 28, 2010 June 25, 2010 July 23, 2010 August 20, 2010 Sept.17, 2010

  Fig. 2.8    Maximum, minimum and mean temperatures registered at a 0.05 m height in open areas and  SPSs  during the 
winter season in the NE of Corrientes (Uguet  2013 )       
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   Grazing under a tree cover contributes to the 
thermal comfort of the animals, preventing or 
reducing caloric stress, which has an impact on 
production effi ciency (Lacorte et al.  2009 ). There 
is a lower loss of energy to dissipate the heat in 
the summer and a lower energy consumption to 
increase it in winter (Pérego  2002 ; Lacorte et al. 
 2003 ). On the other hand, since the forage is less 
damaged by the frosts, the animals’ winter sup-
plement is eliminated or reduced, which is a 
fi nancial benefi t of  SPSs  compared to open areas 
(Lacorte and Esquivel  2009 ). 

 The modifi cation of the environment under 
the cover also generates a higher receptivity in 
the pasture, and therefore it is possible to increase 
the stocking rate (Lacorte et al.  2003 ). In fact, in 
the  SPS  described above (Grevillea+Brachiaria), 
the stocking rate was tripled compared to the ani-
mal performance outside the tree cover (Lacorte 
et al.  2009 ).   

2.4     Forest Growth and Yield 

2.4.1     Obtaining Quality Timber 
at SPSs 

 Thinning and pruning are essential practices for 
the proper management of  SPSs . Both silvicul-
ture practices imply the removal of foliar bio-
mass, and consequently both growth and harvest 
yield will probably be affected. However, their 
purpose is to model a forest with a higher indus-
trial yield in knot-free timber. 

 In order to evaluate the effects of these prac-
tices, Fassola et al. ( 2002b ) set up several trials 
where they combined these treatments in  Pinus 
taeda  plantations in the province of Misiones and 
NE of Corrientes. In Corrientes they established 
a trial at a 3 year plantation with 1,666 plants/ha, 
in which four different densities were generated 
through selective thinning: 0 % thinning, 50 % of 
the original density, 75 % and 87.5 % thinning. In 
each density, four pruning intensities were 
applied (0; 30; 50 and 70 % of the green crown 
depth), in 2, 3 and 4 pruning lifts at 1-year inter-
vals. As a results, Figs.  2.9  and  2.10  show that 
both the thinning intensity and the pruning inten-
sity and number of pruning lifts affected growth 
and yield at 19 years of age (Pezzutti  2011 ).

    However, the quality of the logs differed sig-
nifi cantly, if we consider diameter as an indicator. 

 This test leads to the conclusion that the pre- 
commercial thinning intensity had a signifi cant 
impact on the growth of the  Pinus taeda  
 plantation. Higher intensities generated higher 
DBH and lower basal area and total volume. The 
highest value reached in DBH was 45.7 cm (208 
pl/ha), and the highest values for basal area and 
volume were 55.4 (m 2 /ha) and 765.7 m 3 /ha (1666 
pl/ha), respectively. When increasing the percent-
age of crown removal, the diameters of the trees 
were reduced and consequently the basal area 
and total volume/ha were also lower. When 
increasing the number of pruning treatments, the 
growth in DBH, basal area and total volume 
decreased gradually as a result. 

 The pruning and thinning treatments also 
had an effect on the internal properties of the 

   Table 2.2    Post-weaning grazing of heifers and fattening 
of steers in  SPSs  with  Pinus elliottii  and predominant 
grass  Axonopus compressus , in the North of Corrientes, 
Argentina   

 Treatments/stocking rates 

 Open 
areas  SPS  SPS 

 TO/low  T1/low  T2/high 

  Steer fattening system  

 Initial average weight  350  225  309 

 March/2005 (kg) 

 Final average weight  475  398  457 

 Dec/2006 (kg) 

 FW – IW difference  125  173  148 

 (kg.an −1 ) 630 days 

 Daily live weight gain (kg.
an −1 .day −1 ) 

 0.198  0.275  0.235 

  Heifer post-weaning system  

 Initial average weight 
May/05(kg) 

 191  186  197 

 Final average weight 
March/06(kg) 

 271  287  283 

 FW – IW difference (kg.
an −1 ) 315 days 

 80  101  86 

 Daily live weight gain (kg.
an −1 .day −1 ) 

 0.255  0.320  0.273 

 Body condition (1–9 scale)  3,5  5  4 

 Genital development (1–4)  2  3  3 
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pruned logs. The dimensions of the log, com-
bined with the diameter of the cylinder that con-
tains the defects (defect core) (Park  1982 ), are 
the main factors that determine the yield in 
quality timber. The cylinder that contains the 
defects may be defi ned as the cylinder that con-
tains the sinuous pith, branch stubs and the 
pruning occlusion (Fig.  2.11 ). When evaluating 

the variable maximum diameter over stubs 
(MDOS) in each pruning lift, a whorl always 
has a larger diameter; the results obtained are 
presented in Fig.  2.12  (Fassola et al.  2002c ; 
Pezzutti  2011 ).

    The results obtained show that with pruning 
treatments with intensities of 50 % green crown 
removal it was possible to maintain a better con-
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trol of the maximum diameter over stubs, the ideal 
being to maintain the same diameter in each lift. 
However, this objective in  Pinus taeda  demands 
intervals between lifts of less than 1 year. 

 The production of quality timber in  SPSs  
demands constant monitoring and the permanent 

control of the  MDOS  variable to ensure the quality 
of the logs to be harvested. Other factors, like prun-
ing tools and workers’ training, are also important. 

 Furthermore, the removal of foliar biomass 
also modifi es the photosynthetically active radia-
tion (PAR) that reaches the grass layer. In the test 

  Fig. 2.11    Diagram and photograph showing the reconstruction of the cylinder that contains the defects (defect core) in 
the sawn log of a 17-year-old  Pinus taeda  (Fassola et al.  2002b )       
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conducted at 10 years of age with 208 plants/ha 
and 70 % crown removal in 3 pruning lifts, the 
most extreme situation as to the crown coverage, 
there was no more forage production of  Axonopuss 
compressus . In a test of thinning intensities and 
opportunities in  Pinus taeda , (Crechi et al.  2014 ), 
in the treatments with 100 or fewer plants/ha at 
that age, they obtained PAR conditions that were 
compatible with forage production. 

 These concepts are applicable to  Pinus elliot-
tii  x  Pinus caribaea , although their canopy is 
more permeable than  Pinus taeda  and do not 
thicken their branches as the latter. As a result, it 
is possible to maintain more trees, and this makes 
them very suitable for  SPSs ; the same may be 
said of  SPSs  with  Eucalyptus grandis  and 
 Grevillea robusta , presenting similar trends. 

 The most studied  SPSs  in the region as to the 
quality of the timber are those that use  Pinus taeda  
as a forest component. This species was the most 
widely used until the introduction of hybrids of 
 Pinus elliotti  x  Pinus caribaea . These are gaining 
relevance for their better shape and small branches 
and crown that allow the passage of radiation. 

 A comparative study of the yield of sawn logs 
between two stands of  Pinus taeda  at the same 
age, one managed under  SPS  with 200 plants/ha 
and the other one with an intensive forest manage-

ment for sawn logs, with 400 plants/ha at 11 years 
and 300 plants/ha at 15 years, revealed a better 
performance in quality among those trees from 
the  SPS . When classifying production under 
appearance grading, specifi cally those used for 
remanufacture (Factory grade), the silvicultural 
treatment applied in the  SPS  yielded a higher per-
centage of high quality grades in the sample under 
analysis (Fassola et al.  2007 ,  2012 ) (Table  2.3 ).

   Table  2.3  shows that both at 11 and 15 years of 
age, the proportion of M&B – the highest-priced 
quality grade – was higher in trees from stands with 
pruning and thinning treatments, although these 
were not as intense as those applied to the  SPS . 

 Winck ( 2013 ) and Winck et al. ( 2013 ), how-
ever, determined that a dramatic early reduction 
in density in  Pinus taeda  stands, from 1960 to 
245 plants/ha at 3 years, resulted in a reduction of 
the physical and mechanical properties such as 
the static modulus of elasticity (MOE) and mod-
ulus of rupture (MOR) (Fig.  2.13 ), which may be 
attributed to an increase in the microfi bril angle 
(MFA) (Fig.  2.14 ). This might affect the possibil-
ity for some uses of the timber from stands of the 
species planted at very low densities or subject to 
an intensive thinning at an early age.

    However, the silvopastoral systems in the region 
imply pruning treatments. In an evaluation of logs 
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from a thinning treatment and different pruning 
treatments through acoustic methods, Fassola et al. 
( 2014a ) found out that the pruning treatments tend 
to improve the MOE of the basal logs. Figure  2.15  
shows the dynamic MOEs of logs from trees with 
and without pruning treatments.

   Figure  2.19  shows that the MOE of the logs up 
to 6 m in 20-year-old  Pinus taeda  without prun-
ing does not exceed a dynamic MOE of 8 GPa, 
whereas 4 of the basal logs from fi elds with the 
same number of trees but pruned up to a height of 
6–6.50 m in three lifts, eliminating 50 % of the 
green crown in each log, presented MOE values 
above 8 GPa. This behavior was repeated with 
other pruned and unpruned stands (Fassola 2013, 
unpublished), which partially offset the negative 
effect of very drastic early thinning treatments. 

  Grevillea robusta , (Barth, pers. comm. 2014) 
showed a different behavior as to density in a test 
of initial planting densities, which revealed that 
at 19 years of age the physical and mechanical 
properties were signifi cantly higher with 125 
plants per hectare than with higher densities (350, 
700 and 1600 plants per hectare respectively). 

 As to the other popular species,  Eucalyptus 
grandis , Caniza ( 2010 ) recommends maintaining 
a regular spacing between the trees in a stand in 
order to reduce the stress and consequently the 
cracks in the timber.  

    Table 2.3    Percentage yield in volume per appearance quality grade for remanufactures of a sawn sample of  Pinus 
taeda  of 11 and 15 years under two different silviculture management systems   

 Silvicultural 
management  Age/years 

 Percentage share per quality grade (%) 
 Total 
sample 

 M&B  Shop1  Shop2  Shop3  P99  nc  % 

  SPS   11  25  12  12  23  14  15  100 

  SPS   15  31  8  17  34  8  2  100 

 Intensive forest  11  18  10  20  38  15  0  100 

 Intensive forest  15  13  25  28  29  5  0  100 

  M&B: Moulding and better, quality grade used for moulding and better products; Shop 1-2-3, quality grades used for 
parts of doors and windows; P99: quality grades used for fi nger joints;  NC  not classifi ed  
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2.4.2     Agroforestry System 
with  Grevillea robusta  
as an Alternative 
in the Production of Quality 
Timber 

 Several tests conducted in the South of the Province 
of Misiones revealed that  Grevillea robusta  
responded differently in growth terms at different 
planting densities (Fassola et al.  2004 ). However, 
at lower densities (that led to a higher diameter 
growth), the timber obtained did not present sig-
nifi cant changes in its physical properties. 

 The tests conducted in sawn timber of 
 Grevillea robusta  revealed a basic density of 
0.48–0.52 g/cm 3 , without signifi cant differences 
between 750 and 162 plants per hectare, but big 
differences between these densities and 1500 
plants/ha. With reference to the existence of 
radial variations (from the core to the periphery 
of the log) no differences were found in basic 
density of the timber, except for the pith section 

where there were also cracks in sawn sections. 
Basic density ranges from a mean value of 0.48 
g/cm 3  in the pith to 0.49 g/cm 3  in the rest of the 
section (Fig.  2.16 ).

   As to total volumetric shrinkage (radial, tan-
gential and axial, from saturated to dry state), no 
differences were found between the treatments of 
750 and 162 trees/ha, but differences were 
detected between those and the treatment of 1500 
trees/ha with values of 11–13.4 % respectively 
(Fig.  2.17 ).

   These characteristics make  Grevillea robusta  
an interesting species for Agroforestry Systems or 
 SPSs . But in Misiones the agricultural activity 
was traditionally developed in open areas, and 
given the climate, topography and soil character-
istics, this led to problems of exhaustion of the 
soil nutrients and hydric erosion (Cabrera  1976 ; 
Ligier et al.  1990 ; Píccolo et al.  2012 ; Toledo et al. 
 2014 ). The incorporation of a canopy cover or tree 
windbreak to the agricultural activity provides a 
more stable environment, protecting the soil and 
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promoting a higher recycling of the nutrients. The 
planting of  Grevillea robusta   associated to tradi-
tional agricultural activities like livestock, yerba 
mate, tea and others, offers the farmers the ability 
to increase their income with quality timber with 
similar physical properties to that obtained in pure 
forest plantations with more trees per hectare.  

2.4.3     Evaluation of the Logs 
and Their Relation to SPSs 

 Among the forest species used in the  SPSs  in this 
region,  Pinus taeda  is used for appearance tim-
ber, for structural use, pulp milling and boards. 
The quality of the timber for these various uses 
will be defi ned by a combination of external and 
internal properties. A proper silviculture manage-
ment – pruning and thinning – contributes to 

improving the appearance characteristics, as well 
as the properties of the log. 

 To know the effect of thinning and pruning on 
the appearance and structural properties, tests were 
conducted with trees from silvicultural tests in the 
North of Corrientes and North of Misiones (Fassola 
et al.  1997 ,  2002a ; Pezzutti  2011 ). The analyzed 
thinning intensities ranged between 0 %, 50 %, 
75 % and 87.5 % of the original planting density 
(1960 pla.ha −1 ), applied on year 3 in both cases. 
Also on year 3, both tests applied different pruning 
intensities and opportunities, which varied between 
0 %, 30 %, 50 % and 70 % of live crown removal 
applied in 1, 2, 3 and 4 pruning lifts at 1-year inter-
vals. Table  2.4  presents the results corresponding 
to the treatment with 87 % thinning and different 
pruning levels from the test located in the Province 
of Corrientes. The same treatment was applied in 
the basal logs with different thinning intensities, 
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  Fig. 2.16    Basic density of  Grevillea robusta  timber based on the number of trees per hectare and the radial distance 
from the pith. The mean values with a common letter are not signifi cantly different (p > 0.05)       
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although without pruning, in trees felled at the test 
located in the province of Misiones (Table  2.5 ).

    The Factory Grade classifi cation was used. 
This showed that pruning treatments provided a 
higher percentage of high quality grades in the 
samples under analysis (Tables  2.4  and  2.5 ). 

 In the treatment with 208 plants per hectare 
in the Province of Corrientes the yield was 
higher (21 %) in moulding timber (Moulding 
and Better) and in superior products in the treat-
ments with pruning, whereas the moulding 

quality was almost non-existing (1 %) in the 
treatments without pruning (Table  2.1 , Fig. 
 2.18 ). The Shop3 quality also obtained higher 
percentages (57 %, 39 % and 49 %). However, 
when applying 30 % and 50 % pruning intensi-
ties, the percentages of Shop3 and Shop2 qual-
ity timber decreased.

   In the treatments without pruning in the prov-
ince of Misiones (Table  2.5 ), regardless of the 
thinning intensity, no moulding quality (M&B) 
timber was found, whereas the timber in lower 

    Table 2.4    Yield in the saw logs of 20-year-old  Pinus taeda , in percentages according to Factory Grade per thinning 
and pruning treatment, in the province of Corrientes   

 Treatment  Volume % under Factory Grade-Province of Corrientes 

 Thinning  Pruning  M&B  Shop1  Shop2  Shop3  P99  NC  Total vol. (%) 

 87.5 %  0 %  1.08  5.08  22.02  56.73  4.79  10.30  100.00 

 87.5 %  30 %  20.81  8.76  18.17  39.44  3.75  9.07  100.00 

 87.5 %  50 %  20.96  3.68  13.81  48.82  4.18  8.55  100.00 

      Table 2.5    Yield in the sawn basal logs of 20-year-old  Pinus taeda , in percentages according to Factory Grade per 
pruning treatment, in the province of Misiones   

 Treatment  Volume % under Factory Grade-Province of Misiones 

 Thinning  Pruning  M&B  Shop1  Shop2  Shop3  P99  NC  Total vol. (%) 

 0 %  0 %  0.00  0.00  5.05  39.90  46.97  8.08  100.00 

 50 %  0 %  0.00  0.00  2.28  40.30  53.61  3.80  100.00 

 75 %  0 %  0.00  0.00  9.73  43.78  46.22  0.27  100.00 

 87.5 %  0 %  0.00  4.93  8.70  59.11  25.94  1.31  100.00 

  M&B: Moulding and better, quality grade used for mouldings and superior products; Shop1-2-3, quality grades used for 
parts of doors and windows; P99: quality grades used for fi nger-joint;  NC  not classifi ed  
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quality grades, like fi nger-joint (P99), increased, 
ranging between 26 % and 54 % (Table  2.5 ). 

 It may be concluded that the percentage yield 
in moulding timber classifi ed under Factory 
Grade standards was higher in the treatments 
with pruning.  

2.4.4     Strength Properties 
with Acoustic Methods 

 The timber from  SPSs  is mainly intended to be 
used as appearance timber. The use as structural 
timber must take into account the mechanical 
properties. These were determined through 
acoustic methods that identifi ed the dynamic 
modulus of elasticity (MOE d ) of the logs and 
boards from these tests. 

 Figure  2.19  shows the average MOE d  of the 
logs from trees felled in the 87.5 % thinning treat-
ment and 3 pruning levels in the test with 20-year-
old  Pinus taeda  in the province of Corrientes. It 
shows a higher MOE d  in the treatments with 
pruning, because this improved the quality of the 
basal logs. Figure  2.20 , which depicts the basal 
logs up to a height of 5.5 m and above, clearly 
shows this effect (Fassola et al.  2014b ).

    The logs from the test were sawn and in the 
boards obtained the MOE was determined 
through vibration; the results obtained were simi-
lar to those with the logs. The boards from the 
sawn logs contributed to improving the MOE 

 values in the treatments with pruning compared 
to those without pruning (Fig.  2.21 ).

   Consequently, the pruning improves the 
mechanical properties of the boards. As to the 
thinning, static methods were used to determine 
that very intense thinning treatments at early ages 
generate lower mechanical strength (Winck et al. 
 2013a ) (Fig.  2.22 ). Winck ( 2013 ) attributes this 
behavior to the larger microfi bril angle that is 
generated with very intense thinning treatments 
at early ages in this species.

   Since the application of drastic thinning at 
once reduces the strength properties of the tim-
ber, the recommendation is not to reduce density 
below 400 pla.ha −1  at early ages.   
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2.5     Economic and Financial 
Analysis in Silvopastoral 
Systems in Misiones 
and Corrientes 

 In the NE of Argentina, the incorporation of trees 
to the grazing lands generated situations ranging 
from the total displacement of the livestock to the 
highest complementation, as is the case with 
 SPSs . Cattle ranchers are not used to analyzing 
the forest business in economic and fi nancial 
terms, and the time factor discourages them from 
being involved in the activity. However, they see 
it as an alternative to diversify production, con-
sidering forestry as a “savings account” while 
they continue with cattle raising as their main 
activity that provides them with the “petty cash”. 
As their income from forestry increases with 

time, they are encouraged to making longer-term 
investments in this activity. 

 There are several methods to conduct a fi nan-
cial analysis of  SPSs  based on the different alter-
natives for the use of the circulating capital. The 
methods normally applied to forest models use 
interest rates to discount an uneven cash fl ow 
until an initial moment (Net Present Value or 
NPV) or they calculate the interest rate of that 
cash fl ow when the NPV equals zero (Internal 
Rate of Return or IRR). In the case of livestock or 
agricultural systems, the unit of economic analy-
sis is the result expressed in $/ha/year. In order to 
compare an activity with annual results with 
another activity that has multi-annual production 
times, it is necessary to express their economic 
result in the same unit. The Equivalent Annual 
Income (EAI), that is, the NPV multiplied by an 
annuity factor, transforms the multi-annual cash 
fl ow into a single constant amount that represents 
the business with uneven incomes and expenses. 
Thus, it is possible to compare corn production 
with calf production or Eucalyptus timber 
production. 

 However, it is also necessary to conduct the 
analysis from the point of view of the immobili-
zation of the circulating capital. Investments in 
forestry, that imply a transfer of circulating or 
livestock capital to the trees, have a recovery 
period of at least 6 years and a maximum of 18 
years. The correct fi nancial planning prevents the 
farmer’s cattle decapitalization or the early sale 
of the trees. Consequently, it is necessary to know 
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the amount to be invested and the opportunities 
for the investment, as well as the point at which 
the accumulated balance is positive. In Argentina, 
the Government promotes forestry (Act 25080) 
by reimbursing 80 % of the value of the planta-
tion and the silvicultural tasks (three pruning 
treatments and one non-commercial thinning). 
This amount is recovered between the third and 
the sixth year of the investment, substantially 
changing the result of the forestry business. This 
incentive program played an important role in the 
forestry development during the 1990s. 

 Farmers that have to make decisions to plan 
tree-related investments, always compare the 
cash fl ow of a forestry model and an  SPS . The 
comparison between both types of management, 
pure forestry and  SPS , shows that the NPV calcu-
lated with a reference interest rate of 8 % is 1,596 
U$S/ha for the Forestry model and 1,342 U$S/ha 
for the  SPS . The Equivalent Annual Income of 
the forest investment is 170 U$S/ha/year; whereas 
for the  SPS  it is 162 U$S/ha/year (considering 
livestock income at 30 U$S/ha/year). Finally, the 
IRR is higher in the  SPS  (34.5 %) than in the 
forestry cash fl ow (25.9 %). 

 In agroforestry systems and  SPSs , production 
diversifi cation provides more economic stability 
or, at least, reduces instability. In this region, the 
forest component -Pine, Eucalyptus, Grevillea, 
Chinaberry, Kiri- is integrated with other compo-
nents -Yerba Mate ( Ilex paraguariensis ), grasses/
grasslands, cassava ( Manihot esculenta ), tobacco 
( Nicotiana tabaco ) and other annual crops at a 
lower scale. Small farmers have more productive 
diversifi cation, whereas large companies present 
more diversifi cation but within the same activity 
(different kinds of timber, sale of different cate-
gories of cattle). When working with a portfolio 
of products it is possible to redirect sales and pur-
chases depending on the price relations between 
these products. Within this system integration, 
decisions related to the forest component may be 
delayed when facing adverse market conditions. 
When integrated with other activities that share 
the same soil, these decisions are less fl exible, 
since the lack of light may affect the development 
of the lower layers. 

 The change relationships among the compo-
nents of a  SPS  may vary with the fl uctuations in 
the value of the forest and cattle products. The 
average in the past 11 fi scal years (2002/2012) 
for companies in the Province of Corrientes was 
13.46 kg of calf bought with 1 t of standing Pine 
of 18 cm top diameter. This value ranged between 
5.53 kg/t in fi scal year 2011/1012 and 22.7 kg/t in 
fi scal year 2008/2009. The kilograms of calf that 
are necessary to plant 1 ha with Pines in a  SPS  
ranged between 80 kg/ha (2010/2011) and 230 
kg/ha (2008/2009), the average being 174 kg of 
calf/ha/ SPS  planted. 

 In  SPSs , the underuse of the soil due to a lower 
density of the forest component that allows the 
entry of light is offset by the production of differen-
tiated knot-free timber, with bigger diameters, and 
this has an impact on the yield and effi ciency of the 
timber industry. The higher supply of these prod-
ucts will generate more demand and the consequent 
increase in value; currently, the price differentials 
range between 35 % and 70 % in its favor. 

 A simple way of explaining the importance of 
the silviculture management in  SPSs  compared to 
Pure Forestry systems is by underscoring the eco-
nomic impact of generating more knot-free tim-
ber (100 % more), even when the total volume of 
timber is 30 % lower. If we take the value of the 
knot-free and gross timber and we add the live-
stock income, the equation is very interesting. 

 The incorporation of forestry into cattle rais-
ing estates generates three situations:  fi rst , there 
is a period when the forested land must be 
closed – 2–3 years in pine plantations and 1–2 
years in eucalyptus plantations – and cattle must 
be excluded to prevent damage to the very young 
plants.  Second , grazing is normally conducted 
under the plantations, and the management of 
light is important (planting arrangements, thin-
ning, pruning). Finally, the  third  situation is 
determined by the shading of the forage compo-
nent. The cutting rotation and the years under 
closure will determine the proportion of the soil 
used for cattle. 

 In a Pine forest under an intensive forest man-
agement it is possible to graze under the forest 
for 5 years and therefore with a cutting rotation 
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of 16 years, grazing takes up 31 % of the time. 
These values go up with the application of thin-
ning and pruning treatments that extend the graz-
ing period. In a transitory  SPS  (during the fi nal 
years of tree growth, shading prevents grazing), 
cattle use may reach 44 % ( 7 years of grazing in 
a 16 year cutting rotation ). On the other hand, in 
a  SPS  with an initial closure of 3 years and fi nal 
rotations of 16 years, cattle use may be as high as 
81 % ( 13 years of grazing in a 16 year cutting 
rotation ). If it were possible to use the soil during 
the fi rst waiting years, with haymaking, pasture 
seed harvesting, farm leasing or grazing with 
electric fencing, soil use would amount to 100 %. 

 The livestock production systems in the 
Provinces of Corrientes and Misiones have dif-
ferent characteristics. In Corrientes they are 
developed over different types of soils, from deep 
soils to permanently fl ooded soils, slightly hilly 
areas or completely plain lands. They have a long 
cattle raising tradition, mainly for breeding; the 
region is mostly covered by grasslands and natu-
ral ponds, with small areas with pasture and 
mostly infrastructure for livestock. The limitation 
for the development of  SPSs  is not the area but 
the circulating capital; these systems have the 
highest acceptance where the capital investment 
is ensured. Since the livestock infrastructure 
already exists, the grassland shading does not 
affect the system, since it is possible to move the 
animals to another land or temporarily reduce the 
stocking rate without signifi cantly modifying the 
fi nal result (Temporary  SPSs ). 

 On the other hand, the production system in 
Misiones is based on smaller estates, marked 
slopes, more fertile soils from clear felled areas, 
little infrastructure for livestock and the impos-
sibility for the cattle to drink water from the 
streams due to erosion-prone shores and pollu-
tion. Having no livestock tradition, both farmers 
and the staff have an elementary knowledge of 
cattle management. The growth of pastures (all 
agamic and planted) and trees is much higher 
than in Corrientes. Since the limitation is the 
available area, the selected forest species must 
yield higher quality timber. Shade management 
is paramount, since it should not affect the growth 
of the pastures. Livestock must be a production 

activity in itself and, in some cases, provide 
material for composting to be used as organic fer-
tilizer for industrial or intensive crops. 

 In Corrientes there is a trend to developing 
 SPSs  starting with a lower planting density and 
an arrangement in paired rows with 12 m alleys, 
particularly with hybrid pine, with three pruning 
levels up to 5.5 m high and two thinning treat-
ments (one non-commercial or ¨lost¨ and the 
other one commercial). 

 The forestry management described above 
would simply consist of planting 500 plants/ha, 
making a non-commercial thinning on the third 
year (DBH 10 cm) (usually known as ̈ lost¨) leav-
ing a density of 350 plants/ha, making the fi rst 
pruning of all these trees (until a height of 
approximately 2.2 m), and the second pruning 
between the fourth and fi fth year (depending on 
the soil) up to 3.5 m in the existing 350 trees/ha. 
Between the fi fth and sixth year, the pruning 
height is increased to 5.5 m for the best 210 trees/
ha. The 140 trees/ha that are not pruned are sub-
ject to a commercial thinning between the year 
10 and 11, and the 210 trees/ha that had three 
pruning treatments will remain for the cutting 
rotation on year 16. 

 As opposed to the above,  SPSs  in Misiones 
start with a higher density of trees, three prunings 
(up to 6 m), one lost thinning and four commer-
cial thinnings, cutting the trees based on the 
shading and not the forest competition. In this 
case the hybrid pine is also suggested for its 
crown architecture;  Pinus taeda  is not recom-
mended since the thickness and length of its 
branches complicates shading management. 
Densities decrease every 2 or 3 years until the 
cutting rotation with densities of 80–100 trees/
ha. Since they grow in better forest sites, pruning 
is more frequent and reaches a bigger height. 

 Continuing with the economic analysis, and 
considering the restrictions to be taken into 
account when complementing two or more pro-
ductive activities, Linear Programming is an ade-
quate tool for that analysis, and more expeditious 
than traditional fi nancial equations (Berger  2006 ; 
de Mello et al.  2005 ; Céspedes Trujillo  2005 ). 

 The choice of the forest species to be planted 
and the management to be applied would differ a 
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lot if cattle restrictions were not taken into 
account. The same applies to circulating capital, 
since the return of  SPSs  is higher than in forestry 
systems per unit of money invested. If we also 
consider the receptivity of grazing lands, animal 
requirements, the possibility of intercropping, the 
limitations in the number of hectares to be for-
ested, etc., through Linear Programming it is pos-
sible to know the optimum solution, the 
opportunity cost of the limiting resources and the 
replacement cost of the activities not selected by 
the solution.  

2.6     Adoption by the Productive 
Sector 

 One approach to the advantages of  SPSs  in 
Misiones, considering particularly the compo-
nents of an  SPS  and the System as such, is pre-
sented by Pachas ( 2010 ): 

  Animal component : prevention and reduction 
of caloric stress by tree shading; possibility to 
manage animals with a proportion of British 
breeds under the tree canopy, thus obtaining a 
higher growth rate and very tender cuts. 

  Forest component : timber of large dimensions 
and high quality in shorter rotations; grazing 
reduces the risk of fi re by reducing the forage 
biomass under the forest or in fi reroads. 

  Forage component : the forage species adapted 
to the shade increase their aboveground net pri-
mary productivity under the tree canopy; as the 
shade increases, there is a change in the fl oristic 
composition of the grasses, increasing the pro-
portion of species with a higher forage value 
( Axonopus compressus ,  Paspalum sp ); the tree 
canopy reduces the effect of long frosts and 
droughts on the pasture or grass; forage species 
improve their nutritious value (higher phospho-
rous and protein content) under the tree cover. 

 The System in itself: it fl exibilizes the econ-
omy of small and medium-sized farms; the intro-
duction of livestock slightly increases the net 
present value and reduces the internal rate of 
return compared to the forestry activity. 

 On the other hand, in a detailed study Frey 
et al. ( 2011 ) analyze the advantages and disad-

vantages of these systems from the farmer’s per-
spective and vision. They conducted a survey 
with 35 farmers with estates ranging between 20 
and 14,000 ha. They were classifi ed into three 
groups: 13 small farms (up to 50 ha), 10 medium- 
sized farms (90–1,000 ha) and 12 large farms 
(over 1,000 ha). 

 A large proportion of all the groups stated that 
the benefi ts of  SPSs  are the possibility of obtain-
ing two products per unit of area and weed con-
trol. Small farmers tended to give more emphasis 
to the fi rst answer, whereas medium and large 
farmers favored weed control and fi re control in 
the forests. 

 Between the adoption of the system and the 
moment of the survey (around 10 years) the 
advantages detected changed, and the microcli-
mate gained more importance (shade protection 
for cattle, higher proportion of British breeds, 
lower impact of frosts over the grasses/pastures) 
followed by a higher cash fl ow, particularly for 
small farmers. 

 The disadvantages detected initially about the 
complexity of the management and negative 
interactions between forage and trees decreased 
with time, indicating the higher experience in the 
management of these systems, despite the inten-
sive planning required. 

 The highest disadvantage perceived today is 
the need for capital investment to start the activ-
ity. Initially this was not a limitation since there 
was more economic stability in the country and it 
was easy to have access to sources of funding or 
to the supply of materials like seedlings and wire 
fences (Gregory et al.  2012 ). 

 With reference to the expectations to continue 
with  SPSs , most farmers answered that if the 
incentives continued, they would increase the 
areas destined to these systems. However, small 
farmers, despite recognizing the advantages of 
these systems, might increase this activity up to a 
point, since the highest value soils are used for 
more profi table crops (Yerba Mate, tea, tobacco). 

 Finally, most of the farmers interviewed stated 
that they would continue implementing these 
systems even without the government’s support, 
which is an indication of the benefi ts they see in 
 SPSs .  
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2.7     Conclusions and Future 
Prospects 

 The region formed by the provinces of Corrientes 
and Misiones has comparative and competitive 
advantages compared to other regions for the har-
monious expansion of the forest border and 
higher livestock effi ciency through  SPSs  without 
competition between both activities. 

 These systems were fi rst developed in the 
1990s, particularly by cattle farmers that adopted 
them as an alternative to diversity production, 
increase the profi tability of their farms and 
increase the productivity of traditional systems. 

 Both provinces have a climate and soil charac-
teristics that result in high growth rates for vari-
ous tree species. Besides, the forest activity 
enjoys incentives for development through the 
law that regulates it with non-reimbursable fi nan-
cial support for planted forests. 

 As a result of some technological demands, 
several multidisciplinary groups were formed 
with the support of institutions and joint actions 
from farmers. 

 The technology and background available on 
 SPSs  and the interactions between their compo-
nents, specifi cally the effect of planting arrange-
ments, densities and combinations of trees on the 
productivity of the forage and animal compo-
nents, favor an expansion of these systems at dif-
ferent production scales, from small farms to 
corporate levels. 

 The impact is highly promising on: (a) the 
social environment, particularly as a result of 
higher incomes and the generation of genuine 
jobs; (b) the environment, given the sustainability 
of resources; and (c) the economy of the territo-
ries, given the generation of products with a pres-
ent or future differential value and the effi cient 
use of resources. 

 Future research should focus on identifying 
other factors and more accurately interpreting the 
interactions among the forest, forage, cattle, soil, 
microclimate and fauna components. The infor-
mation generated will provide technologies and 
practices to the production, commercial and 
industrial sectors for an environmentally friendly 
development of the territory.     
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    Abstract  

  The increase in cultivated area worldwide has brought about a change in 
land-use pattern. In the temperate-wet regions, the silvopastoral systems 
(SPS) that integrate afforestation using deciduous species with cattle rais-
ing create diversifi ed systems, which demand management practices to 
capitalise on the benefi cial effects and to minimise negative impact on the 
environment. The increase in silvopastoral activity on Salicaceae planta-
tions in the region of the Delta of the Paraná River in Argentina raised the 
challenge of developing technologies for a forest-forage system that leads 
to sustainable cattle raising in this kind of environment. The acquired 
knowledge on SPS establishment aimed at producing quality wood of 
 Populus  sp. and  Salix  sp. for sawn wood, veneers, crushed wood, wood 
pulp and energy, and foliage as cattle feed. The use of bare (unrooted) pole 
cuttings of 1, 2, or 3 years of age as planting material, instead of cuttings, 
necessitates wide spacing in nursery planting (1 × 1 m and 1,2 × 1,2 m). 
This should reduce the time between fi eld planting of trees and letting 
cattle into the system without causing damage to the trees during the fi rst 
and second years of plantation establishment. The wider spacing of trees 
in the plantation (5 × 5 m and 6 × 6 m) allows the establishment of a dense, 
productive understory consisting of native species of recognized nutritive 
value as well as shade-tolerant exotic species such as  Dactylis glomerata  
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that increase the understory carrying capacity. These management tech-
niques, which optimise system productivity, should ensure proper use and 
balance between SPS components.  

  Keywords  

  Salicaceae installation   •   Productive understory   •   Native and exotic species  

3.1       Introduction 

 The development of silvopastoral systems (SPSs) 
in several regions of Argentina has increased in 
the last 15 years, because of the expansion of the 
agricultural frontier. The integration of forestry 
and cattle raising systems poses the challenge of 
attaining a sustainable use of the soil. Knowledge 
of the interaction among components of both sys-
tems is necessary in order to develop optimal 
management plans. From the point of view of the 
environment and production, one of the main 
advantages of SPSs is the use of land with multi-
ple goals, aiming at increasing effi ciency in the 
use of resources in terms of space and time, 
reducing risks, and improving system stability 
(Mosquera-Losada et al.  2006 ). 

 Temperate wetlands occupy the southern por-
tion of the American continent (Neiff  1999 ; Fig. 
 3.1 ). The wetlands associated to the Paraná River 
conform one of the most important fl uvial wet-
land corridors in the world (Zoffoli et al.  2008 ). 
Compared with similar types of temperate wet-
lands in the northern hemisphere, some of those 
in South America temperate have not been sub-
jected to extreme and massive hydrologic altera-
tions, and thus have retained the capacity to 
support much of the original biodiversity 
(Brinson and Malvárez  2002 ).

   The Lower Delta of the Paraná River is one of 
the main regions afforested with Salicaceae since 
mid-nineteenth century in Argentina as well as the 
one with the greatest potential for silvopastoral 
use. It has been carried out continuously for over 
a century and it handles natural resources in a sus-
tainable management: It preserves a wide diver-
sity of fl ora and fauna: 632 autochthonous and 
naturalized plant species, 50,9 % of them pos-

sesses some type of use (Kalesnik  2010 ). More 
than 280 sp of birds (Haene and Pereyra  2003 ; 
Fracassi  2014 ); 200 sp of fi sh (Minotti  2010 ); 50 
sp of mammals, 260 sp of birds not  Paseriformes , 
37 sp of reptiles, 27 sp of amphibians (Quintana 
and Bó  2010 ), and it exhibits unique features due 
to its adaptation to fl oods and its continuous pro-
duction (Borodowski  2006 ). Area systematisation 
by means of polders is estimated at 48,000 ha 
(Gaute et al.  2007 ). These are the most apt areas 
for the establishment of SPSs, for which specifi c 
management aimed at sustainable production of 
wood for multiple uses, grass and beef is essen-
tial. SPSs are an important alternative for large, 
medium and small farms in the region, since they 
offer diversifi cation and  effi ciency in the use of 
available natural resources with no need for pro-
found transformations in the production systems. 
The economic advantages of establishing SPSs 
include an increase in higher investment owing of 
greater product diversifi cation, which leads to 
products with different timing and operation 
scales. This also lowers risks inherent to the mar-
ket. In the area of the Delta of the Paraná River, 
for a 10 % rate, annual income estimated to be 
17.47 % higher for silvopastoral systems than for 
plain forestry (Luccerini et al.  2013 ). 

 Even though cattle entry into Salicaceae plan-
tations on the islands of the Delta is an ancient 
technique, the systemic view on silvopasture 
management is relatively recent. Forest planta-
tions originally were grazed to reduce spontane-
ous herbaceous vegetation, thus minimising the 
risk of grassland and forest fi res. The new agricul-
tural scenario, mainly due to the expansion of 
soybean ( Glicine max ) cultivation (more rentable) 
in the Pampean region, has displaced cattle to oth-
ers regions. This land use change has promoted 
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the entry of beef cattle into environments tradi-
tionally used for forestry in the Lower Delta of the 
Paraná River over the past decade. Therefore, it 
has been necessary to use a new kind of silvicul-
ture, which should consider such changes in the 
region. Closeness of concentration, marketing 
and consumption centres, together with knowl-
edge of the origin of livestock and wood produced 
in the region, provides competitive advantages for 
the fi nal product as well as certifi able differential 
quality (Casaubon and González  2008 ).  

3.2     Description 
of the Delta Zone 

3.2.1     Geographical Location 

 The Delta of the Paraná River is located in the 
fi nal portion of the Paraná River basin, spreading 

along 300 km (186 mi), between 32°5′S, 
58°30′W, and 34°29′S, 60°48′W (Bonfi ls  1962 ). 
Due to its expanse, its fl ow, and the size of its 
basin, the Paraná River is the second most 
 important river in South America after the 
Amazon River. It converges with the Uruguay 
River at the Río de la Plata estuary. The Delta of 
the Paraná region is a fl oodplain defi ned by 
Malvárez ( 1997 ) as a vast macromosaic of wet-
lands, its heterogeneity being due mainly to its 
climatic regime, past and present geomorpholog-
ical processes, and hydrological regime. Its area 
has been estimated at 1,750,000 ha, 83.7 % of it 
belonging to the province of Entre Ríos, and the 
remaining 16.3 % to the province of Buenos 
Aires (Bonfi ls  1962 ). The area and the perma-
nence of these wetlands depend mainly on super-
fi cial water input (by rainfall and water discharge 
of the rivers), as well as on the timing of the 
fl ooding/non- fl ooding cycle (Neiff and Malvárez 

  Fig. 3.1    Location of the wetlands associated to the Paraná River afforested with Salicaceae       
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 2004 ). The characteristics and fl uvial activity of 
the Paraná River as well as sea ingression and 
regression processes during the Holocene may be 
two relevant factors determining the geomor-
phology of the region (Malvárez  1997 ). The 
materials that formed the Delta soil are very het-
erogeneous, with intermediate, loamy-sandy, and 
loamy- sandy- silty textures. These are imper-
fectly or very poorly drained soils, originating 
from suspended materials carried by the Paraná 
River from Brazil, Bolivia and Paraguay. 

 The region has a temperate humid climate 
(Malvárez  1997 ) with a mean annual temperature 
of 16.5 °C and narrow seasonal variation (mean 
temperature of the coldest and warmest months 
being 11.5 °C and 22.5 °C, respectively) and 
mean annual precipitation of 1,100 mm distrib-
uted evenly throughout the year (1960–2010; 
INTA Delta Agrometeorological Station). The 
warmest months are generally the wettest months. 
However, there are cases of hydric defi cit during 
the summer due to longer hours of sunlight, 
higher heliophany, depending as well on the dif-
ferent water infl ow and outfl ow pathways. The 
annual average relative humidity is high through-
out the year (76 %) owing to closeness of the Río 
de la Plata and to the large number of rivers and 
streams forming the Delta. Wind direction modi-
fi es water infl ow and outfl ow dynamics, leading 
to considerable river risings (Kandus  1997 ).  

3.2.2     Historical References 

 The Guaraní people originally settled the Lower 
Delta region. The oldest evidence of human pres-
ence in the Low Delta dated to 1,700 years ago. 
Archaeological sites on the mainland, on the riv-
erbank lowlands and on the southeast of the Entre 
Ríos province are located on the “ cordones med-
anosos ” (sanddune chains), whereas those on the 
islands are located on the “ albardones ” (higher 
parts) (Loponte  2013 ). The earliest Creole and 
European settlement of this region took place 
between the eighteenth and the nineteenth centu-
ries with the Jesuits (stated by Liborio Justo’s 
introduction to Sarmiento’s “El Carapachay”, 

 1974 ). This started the process of transformation 
of the natural environment. This period, virtually 
lacking permanent settlement, was characterised 
by the exploitation of the native Monte Blanco 
for fi rewood and coal. It is a Sylvan ecosystem of 
Low Delta Paraná Region, characterized for the 
presence of willow ( Salix humboldtiana ), Curupí 
( Sapium haematospermum ), Ceibo ( Erythrina 
crista - galli ), Aliso del río ( Tessaria integrifolia ), 
Laurel ( Nectandra falcifolia ), Palo amarillo 
( Terminalia australis ), Anacahuita ó Arrayán 
( Blepharocalyx tweediei ), y Palmera pindó 
( Syagrus romanzoffi anum ) between others 
(Malvárez  1999 ). The native forest had been 
altered by the time of Argentina’s declaration of 
independence (1816). The sauce colorado or 
sauce criollo ( Salix humboldtiana ) was the only 
South American spontaneous Salicaceae in the 
region. There are also references to fruit tree pro-
duction exotic (peaches and oranges) (Darwin 
 1978 ), as well as to areas destined to grazing 
between the years 1761 and 1762 (Galafassi 
 1995 ). 

 The second period (mid-nineteenth and early 
twentieth century) sees the start of a process of 
transformation of the natural environment, with 
permanent settlements by immigrants from vari-
ous communities, the intensive cultivation of spe-
cies for  Salix  sp. ó willow for wickerwork, fruit 
trees and vegetables, and aviculture and apicul-
ture in small family units. The weeping willow 
( Salix babylonica  L.) was introduced into the 
country in the mid-nineteenth century. Its wood 
was used as fi rewood, as well as for coal and for 
ox yokes (Galafassi  1995 ). French immigrants in 
the late nineteenth century are credited with the 
fi rst plantations of  carolino  poplar trees ( Populus 
deltoides  ssp. angulata cv. carolinensis), used 
mainly for fi rewood (Borodowski and Suárez 
 2004 ). 

 The third and fi nal period of colonization of 
the region starts in the mid-twentieth century, 
when wood became the main product. The 
growth in population correlates with pome and 
stone fruit production, peaking in the 1940s and 
subsequently dropping drastically due to compe-
tition from markets in other regions of the coun-
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try. Fruit growing fi rst gave way to forestry, 
complemented in small farms by willow for 
wickerwork. Extraordinary fl oods (1940, 1958, 
1959 and 1982–1984) sped up the transformation 
of the landscape which pushed the Lower Delta 
to forestry with  Salix  sp. and  Populus  sp., a 
change which had started to occur in the 1950s 
(Galafassi  1995 ).  

3.2.3     Environmental 
and Socioeconomic 
Characteristics of the Region 

 Bonfi ls ( 1962 ) differentiated the Delta of the 
Paraná River in four geomorphological regions 
with a focus on soil analysis: the Ancient Delta 
(700,000 ha), apt for cattle raising and forestry; 
the Predelta (600,000 ha) and the Riverbank 
Lowlands (80,000 ha), fi t for the most part for 
cattle raising; and the Lower Delta (350,000 ha), 
fi t for forestry and fruit cultivation. These broad 
regions have developed two relevant production 
and management systems and their own respec-
tive agro-industrial chains: the cattle raising wet-
land and the diversifi ed forestry wetland 
(Geomorphological aspects, risk level and fl ood 
profi le have shaped production type, socioeco-
nomic organization of the rural population, farm 
size, and land distribution and occupation). 

  Cattle Raising Wetland     (including the Ancient 
Delta, the Predelta and the Riverbank Lowlands) 
farmers undertake “island-style” cattle raising, 
carried out on large farms (over 5,000 ha) focus-
ing on fattening cattle: long  invernada  (winter 
period) and/or  veranada  (summer period), feed-
ing the steers for meat production for export. On 
smaller farms, cow/calf operations are the main 
economic activity. As a complement, it includes 
wetland apiculture, mostly with transhumant 
beekeepers, and, on a much lower scale, planta-
tions of trees of the Salicaceae family (poplars, 
willows) under special conditions of infrastruc-
ture to fi ght fl oods with a small area covered by 
native and/or planted forest, which does not usu-
ally receive typical forest management. There are 
two types of exploitation of these lands: leasing 

to small and medium-sized “ pastajeros ” [pasto-
ralist] farmers; or through capitalisation. It is a 
contract of fi nance is that a person to acquire the 
place in a farm for a certain time, the owner which 
has the obligation to handle and feed, delivering at 
the end of the contract gains, calves or kg of fat, 
with the owner land. Grazing management done 
exclusively on natural grassland (of high forage 
quality such as limpo grass [ Hemarthria 
altissima ]) hinder the inclusion of improvements 
(fencing, watering points). In addition, inadequate 
infrastructure and lack of systematisation (such as 
polders) create a big technological and organisa-
tional gap (PTR  2009 ).  

  Diversifi ed Forestry Wetland     (including the 
Lower Delta of the Buenos Aires and Entre Ríos 
provinces) comprises most of the Salicaceae 
plantation activity in the country. This region is 
characterised by a high percentage (98 %) of 
island farmers who incorporate diversifi cation 
alternatives ranging from cattle raising (mainly 
heifers) to products strongly identifi ed with 
regional production and economy, such as wicker, 
pecan nuts, fruits, apiculture and agro- ecotourism. 
There is more communications infrastructure and 
a lower risk of fl oods, except for the effect of 
“ sudestadas ” (southeastern winds). Agroforestry 
farms manage water effi ciently, resulting in dif-
ferentiated, higher-quality products (PTR  2009 ).   

3.2.4     General Characteristics 
of the Lower Delta  or 
Low Delta  

 The Lower Delta is the zone with the largest 
number of rivers and streams. It is a recent area, 
constantly growing towards the Río de La Plata 
(60 m per year, approximately) because of the 
great quantity of sediments that drags the river 
Parana from tropical and subtropical zones of 
Brazil, Paraguay, Bolivia and north of Argentina. 
The relief in this zone is fl at-concave, with a 
higher edge known as “ albardón ”, which periodi-
cally receives contributions of new sediment, and 
a central, lower, fl ooded partially area known as 
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“ pajonal ”, which is more receptive, since the 
water remains retained in it refi lling with the sed-
iments in suspension the sub overwhelmed area. 
These two sectors account for 20 % and 80 % of 
the total area of the island, respectively. The 
intermediate land between the two former situa-
tions is called “ semialbardón ” or “ caída de 
albardón ” (Bonfi ls  1962 ). In its natural state, 
owing to exposure to fl ooding and high soil acid-
ity, this land is not economically profi table for 
growing Salicaceae. In order to make it possible, 
farmers modify land structure by managing the 
amount of water fl owing in with systematisation 
projects such as polders, inner canals, and drain-
age ditches, as well as with the installation of 
sluice gates and water pumps. Poplar trees are 
generally planted on higher ground or “ albar-
dones ”, on intermediate ground or “ semialbar-
dones ”, and on poldered lowland (Casaubon 
et al.  2004 ). Instead, willows grow better on 
lower, previously systematised “ bañado ”, 
“ estero ” or “ pajonal ” ground (Casaubon et al. 
 2013 ).  Albardón  soil is predominantly loamy- 
silty or loamy-clayey, and  bañado  soil is mostly 
loamy-silty, due to the action of frequent, long- 
lasting fl oods. Organic matter content is low 
(between 4 % and 8 %), with a C/N ratio gener-
ally under 14, and an acidic pH (between 5 and 
6). The soil in “ pajonales ” or “ bañados ” is semi-
swampy, with high contents (on occasions up to 
40 %) of organic matter, much of which is not yet 
decomposed, contributing to very high C/N ratios 
(over 16). Soil pH is low – between 4 and 5 
(Bonfi ls  1962 ). Ceballos et al. ( 2012 ) reported a 
neutral C balance following wetland drainage. 
Afforestation resulted from the opposing effects 
of aeration, favouring decomposition in the 
organic layer, root colonization and organic mat-
ter stabilization, favouring its accumulation in 
the mineral soil. In  albardón , as well as in high 
and mid-high sectors, there exists more species 
richness, trees (22 %), herbaceous terrestrial 
(53 %), and herbaceous wetlands (11 %), than in 
low sectors, trees (only 9 %), herbaceous terres-
trial (48 %), and more herbaceous wetlands 
(30 %); wealth percentage of shrubs and creepers 
are similar (3 % and 4 %, and 11 % and 9 % 
respectively) (Malvárez  1999 ; Casaubon et al. 
 2004 ; Bó et al.  2010 ). 

 When summers are very dry, good mainte-
nance of drainage networks as well as sluice gate 
and pumping systems facilitate water infl ow into 
stands, and during wet period’s water excess, is 
eliminated easily. Proper water management in 
the stand and a lower tree density optimise tree 
and grass development, thus providing livestock 
with a larger forage supply and with higher ani-
mal comfort. In such a system, the small volume 
of combustible material under plantations mini-
mises in turn the risk of surface fi res typical of 
the Delta region. Vegetation communities in the 
understory of Salicaceae plantations in the region 
exhibit high biodiversity provide data with num-
bers of species of grasses, forbs, etc. (Kandus and 
Malvárez  2004 ). The growth of numerous spe-
cies of forage (annual and perennial grasses as 
 Bromus catharticus ,  Phalaris angusta ,  Lolium 
multifl orum ,  Leersia hexandra ,  Panicum sp. Poa 
sp. and forbs as Trifolium repens , among others) 
is frequent (Casaubon et al.  2005a ,  b ; Rossi et al. 
 2006 ). Although appearance with low coverage 
(20 %), especially under adult or very dense plan-
tations, because of the canopy shade (Cornaglia 
et al.  2009 ; Clavijo et al.  2010 ). With respect to 
fauna, Salicaceae plantations with understories 
and native forest patches (secondary forest or 
unmanaged forest) such as grasslands, integrated 
into the forest matrix might favour environment 
conditions for the presence of some wildlife birds 
and mammals such as dusky-legged guan 
( Penelope obscura ) and marsh deer ( Blastocerus 
dichotomus ) (Kalesnik  2010 ; Fracassi  2012 ).   

3.3     Salicaceae Production 

 The area cultivated with Salicaceae in the Lower 
Delta is estimated at 80,000 ha (75 % of it under 
management), 64,000 ha of which are planted with 
willows ( Salix  spp.), with average yields of 
15–20 m 3 /ha/year, the remaining hectares being 
planted with poplar trees ( Populus  spp.), with 
average yields between 20 and 25 m 3 /ha/year. 
Poplar trees are cut down at 12–16 years, and wil-
lows at 10–14 years, depending on production 
goals and on the market exigencies. Practically 
95 % of willows are destined to the paper cellulose 
industry. Expected yield at felling time is between 
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200 and 400 m 3 /ha for poplar trees, and from 120 
to 250 m 3 /ha for willows (MAGyP  2011 ). The 
poplar trees most widely planted for commercial 
purposes in the region are  Populus deltoides  
‘Australiano 129/60’, ‘Australiano 106/60’ and 
‘Mississippi Slim’, known as “Stoneville 67”. In 
the case of willows,  Salix babylonica  var. 
Sacramenta,  Salix babylonica x Salix alba  
‘Ragonese 131-25 INTA’,  Salix babylonica x Salix 
alba  ‘Ragonese 131-27 INTA’,  Salix matsudana x 
S. alba  ‘Barret 13-44’ and  Salix nigra  ‘Alonzo 
nigra 4’ (Cerrillo  2010 ; Borodowski et al.  2014 ). 

 Silvicultural management traditionally used 
for  Populus deltoides  is mostly focused on wood 
production for solid uses (sawn wood and/or 
veneers) and, to a lesser extent, for milling 
(crushed wood and wood pulp) and for energy 
uses. In general, one single clone is used, increas-
ing the risk of attack by pests and diseases. 
Currently, willow ( Salix  spp.) wood is mainly 
destined to the newspaper industry and crushing 
(95 %), and, less known, to solid uses, such as 
fruit and vegetable crates. Wood could be poten-
tially used for furniture and for house-building in 
the region (Cerrillo  2010 ). Poplar trees are 
planted on high  albardón  sites,  caídas de 
albardón  and on low systematised poldered 
ground, with a loamy coarse texture, moderately 
well drained, and deep, with a slightly acidic to 
neuter pH. Willows are planted on  bañados , often 
fl ood-prone, with a phreatic zone permanently on 
the surface, with aerated, moving water, and 
loamy-clay-silty, well-drained soils, with acidic 
to neuter pH (Casaubon et al.  2004 ; Casaubon 
et al.  2013b ).  

3.4     Silvopastoral Systems 
with Poplar Trees 

3.4.1     Forestry 

 Silvopasture livestock production is done mainly 
under poplar plantations. Such activity requires a 
new kind of silviculture with a more diversifi ed 
use of trees and of the environment than tradi-
tional silviculture. The objective is to produce a 
larger volume of wood per plant for multiple 

uses. This demands land use management, identi-
fying fi rst the most suitable site for each clone to 
be cultivated. This type of silvicultural manage-
ment including SPS provides: (i) a larger volume 
of quality wood for various uses (sawn wood, 
veneers, crushed wood, wood pulp, forage and 
other industrial uses); (ii) greater individual 
growth per plant; (iii) better tree homogeneity; 
(iv) higher percentages of cylindrical shafts; (v) a 
longer planting period (May-August); (vi) greater 
plant rooting; (vii) greater access to phreatic zone 
water. It is also expected to obtain (i) a decrease 
in diseases and pest attacks due to higher planta-
tion aeration, and (ii) less weed competition and 
a lower risk of forest fi res since forage stays 
green and available for livestock (Casaubon 
 2014c ). 

 Establishing a silvopastoral system demands 
management strategies different from those used 
for traditional tree monocultures. The combina-
tion of tree size and foliage palatability may 
determine success in establishing a SPS, where 
palatable tree species such as Salicaceae demand 
higher protection than non-palatable species 
(Eason et al.  1996 ; McAdams  2003 ). In this 
sense, the fact that poplar tree leaves and tender 
branches are highly appetizing to livestock 
(Lefroy et al.  1992 ; Taranaki  2001 ) poses a prob-
lem in establishing a SPS, namely, higher estab-
lishment costs (Carvalho et al.  2003 ). In addition, 
potential damage by livestock to the shafts of 
trees planted in the SPS decrease when under-
story forage availability and quality is high 
(Simón et al.  1998 ; Casaubon  2013a ). 

 Commencing grazing at the early stages of 
plantation may cause damage to young plants 
through browsing, trampling, bark stripping, 
breakage or tipping (Casaubon et al.  2009b ). 
These are direct effects on trees from livestock. 
Damage results in higher tree mortality, shaft 
quality loss, or smaller growth due to defoliation. 
The decision on tree age at livestock entry may 
vary according to initial tree growth (site qual-
ity), to propagation materials used, and to forage 
availability in terms of volume and quality. 
Farmers should weigh potential damage that is 
more serious in the early period of plantation 
against the benefi ts derived from lower weed 
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control costs and a higher potential for livestock 
production during the fi rst years, when forage is 
abundant. In this respect, selection of animal spe-
cies or of livestock production type can help reg-
ulate direct damage levels. For example, the 
feeding habits of cows result in lower levels of 
tree damage than those of goats or horses. On the 
other hand, the greater size and weight of bulls 
compared to developing calves may result in dif-
ferences in damage due to plant tipping or break-
age, or soil compaction, affecting tree growth 
(Somarriba  1997 ). To minimize or to avoid dam-
ages in the young plants, it is proposed changes 
in silvicultural management. 

 In the new type of silvicultural management 
with SPSe (more apt for SPS establishment and 
operation), the poplar plantation is started using 1-, 
2- (and up to 3-) year-old unrooted pole cuttings 
between 3 and 8 m high as planting material (FAO 
 1957 ; Sanhueza  1998 ; Casaubon and González 
 2008 ; Casaubon et al.  2014d ). The nurseries pro-
viding these materials demand a spacing plantation 
greater than traditional ones, as well as good site 
quality, and intensive site management in order to 
produce tree propagation materials with greater 
stem straightness and good conicity index, provid-
ing the harvestable poles with greater resistance to 
external mechanical factors (Casaubon  2013a ). In 
sites most suitable for poplar trees, such pole cut-
tings exhibit good rooting percentage, surpassing 
cuttings in numerous  Populus deltoides  commer-
cial clones (Casaubon et al.  2001 ; Casaubon 
 2014a ). In the traditional system, with plantation 
densities equal or greater than 625 plants per hect-
are, many farmers bring livestock into the planta-
tion at the fourth, fi fth or sixth year (Fig.  3.2 ). Beef 
cattle remain in the system as long as there is for-
age availability, possibly up to the ninth or tenth 
year of plantation (depending on site quality). With 
larger spacing between plants and between rows, 
approximately 5 × 5 and 6 × 6 m, and with higher- 
quality plantation materials, the entry of beef cattle 
into the system may occur at the fi rst or second 
year, and cattle permanence may be longer than 
with more narrow spacing (Casaubon  2013a ). In 
addition, poplar tree leaf palatability and forage 
value for different types of livestock is well known 
(Carou et al.  2010a ,  b ; Thomas  2011 ; Casaubón 
et al.  2012b ). This makes losses due to herbivory 

and/or mechanical damage frequent in SPSs 
(Casaubon et al.  2009a ). The use of propagation 
materials of larger diameter at breast height (≥6 
cm) brings forward the entry of beef cattle into the 
SPS, minimising plant loss due to knockdown, 
breakage and/or bark-stripping (Casaubon  2013a ).

   One silvicultural management practice is 
pruning, undertaken preferably in spring- 
summer, in order to minimise the growth of epi-
cormic shoots on tree shafts. Pruning height is 
variable, reaching up to 50 % of total tree height 
in excellent sites, and up to 30 % of total height 
in good sites, in order not to reduce annual tree 
volume increase drastically. When pruning up to 
half of total tree height, two interventions are 
enough in good plantation sites. When only the 
fi rst third is pruned, three interventions at most 
are needed to remove all branches on the fi rst 7 m 
of the shaft (Casaubon et al.  2005a ). Another sil-
vicultural practice is thinning, consisting of tree 
density reduction, allowing for the passage of 
sunlight (Signorelli et al.  2011 ), and promoting 
the establishment and growth of herbaceous 
understory with forage value and greater forage 
productivity (Cornaglia et al.  2011a ; Clavijo 
et al.  2012 ). In a thinning pattern, depending on 
the objectives of production, it is possible to 
achieve a balance between stand growth and indi-
vidual tree growth, and to obtain the development 
of an herbaceous understory, which should opti-
mise the forage component in the silvopastoral 
system (Fernández Tschieder et al.  2011b ; 
Cornaglia et al.  2011a ; Clavijo et al.  2012 ). 
Fernández Tschieder et al. ( 2011a ) adjusted 
equations to estimate the total volume for the 
most common  P. deltoides  clones in the region. 

 Salicaceae foliage may be used as forage or as 
a regular component of livestock feed (Rossi 
et al.  2005 ; Benavides  2006 ). Poplar tree ( Populus  
sp.) foliage has good nutritional value and it is a 
valuable diet supplement (Ball et al.  2005 ; Mead 
 2009 ). Poplar young branches and leaves have 
high forage potential (Table  3.1 ). Because of 
their palatability and nutritional qualities, they 
can also make good feeding supplements in a 
SPS, improve grazing cattle diet, and contribute 
forage volume in times of shortage (Mead  2009 ; 
Carou et al.  2010b ; Thomas  2011 ). However, 
such preference is not consistent throughout tree 
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vegetative period, but decreases considerably 
halfway through the summer and in autumn. 
Gross protein (GP) values of spring tender leaves 
double those of summer and early autumn leaves, 
while estimated digestibility (ED) increases in 
spring and decreases in late summer (Casaubon 
 2012b ).

   Nutritional values of poplar leaves and tender 
shoots in October, December and March are 
linked to heifer higher preference for these 
 materials observed on the fi eld in spring (% DM 
20.17 %) and early summer (% DM 36.59 %). 
The decrease or lack of livestock preference for 

such leaves as from February is related to poplar 
tender leaf higher nutritional value and forage 
quality in spring and early summer, and with 
quality loss of grasses, at that time of year, at 
reproductive stage (Casaubon et al.  2012b ). It is 
probable that the high values of gross protein 
(GP), phosphorus (P) and potassium (K) recorded 
in poplar leaves and tender shoots in spring, as 
well as greater estimated digestibility (ED), relate 
directly to beef cattle being more avid for spring 
and early-summer poplar foliage (Casaubon et al. 
 2012b ). Analysing mineral composition in poplar 
and willow leaves with nutritional interest for 

  Fig. 3.2    Silvopastoral system with 6-year-old  Populus deltoides  ‘Australiano 129/60’ planted from 2-year-old unrooted 
pole cuttings, and Aberdeen Angus heifer, on a natural fodder grassland in the Lower Delta of the Paraná River       

       Table 3.1    Average values (± standard deviation) for dry matter (DM), digestibility (D), gross protein (GP), phosphorus 
(P) and potassium (K) in  Populus deltoides  ‘Australiano 106/60’ leaves during vegetative period   

 Month  DM%  Digestibility %  GP %  P (mg/kg)  K (g/100g) 

 October  20.17 ± 2.55 a   63.73 ± 3.94 b   30.26 ± 2.07 a   500 ± 123.34 a   1.95 ± 0.24 a  

 December  36.59 ± 1.04 b   67.36 ± 2.64 a   15.71 ± 2.44 b   183.64 ± 21.49 b   0.96 ± 0.31 b  

 March  42.3 ± 1.05 c   62.02 ± 3.03 b   16.52 ± 2.01 b   176.94 ± 23.93 b   1.07 ± 0.33 b  

  Different letters indicate signifi cant differences (p < = 0,05) between months  
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livestock, Carou et al. (2010) determined that 
such values are higher than those known for feed 
grasses are similar to those reported for feed 
legumes. In both genera, these nutritional values 
meet beef cattle requirements.  

3.4.2     Understory Forage 
Production 

 The Delta of the Paraná River grasslands pos-
sesses great species richness. This is a natural 
source of forage for wild fauna such as marsh 
deer ( Blastocerus dichotomus ), capybaras 
( Hydrochaeris hydrochaeris ), and the coypu 
( Myocastor coypus ). It is also the main forage 
source for the various meat production cattle- 
raising systems (breeding, rebreeding and  inver-
nada ) in the region (Rossi  2010 ). A variety of 
Delta grassland species are apt for good livestock 
development, since they surpass forage good 
quality values in terms of gross protein and 
digestibility (Rossi et al.  2006 ,  2009 ; Casaubon 
et al.  2010 ; Carou et al.  2010a ).  Lolium multifl o-
rum  is an exotic cool season grass naturalised to 
the Argentinean Pampean region grassland. It has 
nutritional values similar to those of the Delta of 
the Paraná River native plants: 60.3–76.6 % leaf 
digestibility and 7.5–14.6 % leaf gross protein (at 
reproductive and vegetative stages, respectively) 
(González et al.  2008 ). Forage species with the 
greatest abundance-dominance in the natural 
grassland of the Lower Delta of the Paraná River 
SPS have good GP content. Of the 15 species 
studied, 14 surpass the 7 % GP critical value, 
considered the limit of N content in beef cattle 
diet (Rossi et al.  2012 ). 

 When these grasslands are under afforesta-
tion, understory vegetation tends to be scant, 
depending on forest density, but usually not over 
50 % of the land (Clavijo et al.  2005 ; Rossi et al. 
 2006 ). The poplar tree ( Populus deltoides ) is a 
deciduous species which remains leafl ess during 
autumn and winter, allowing for the growth of an 
understory consisting of forage-value native and 
cultivated herbaceous species (Casaubon et al. 
 2005  b ; Rossi et al.  2006 ; Pincemin et al.  2007 ). 
Although this combination of deciduous-leaf 

trees and winter forage species allows for com-
plementariness of production cycles (Monlezun 
et al.  2008 ; Nordenstahl et al.  2011 ), tree shade 
directly affects underlying species productivity 
(Jose et al.  2004 ; Peri et al.  2007 ). In addition, the 
falling of poplar senesced leaves in autumn con-
stitutes a physical barrier for annual herbaceous 
species reestablishment (Cornaglia et al.  2009 ; 
Clavijo et al.  2010 ). Control of tree canopy open-
ing and the inclusion of planted temperate feed 
grasses (Dallisgrass) synergically improved for-
age stability, composition and production in the 
understory (Cornaglia et al.  2011a ; Clavijo et al. 
 2012 ).  

3.4.3     Livestock Production 

 Dominant production systems in the region are 
 invernada  in the Upper and Middle Delta 
(1,400,000 ha), and breeding and full cycle in the 
Low Delta (350,000 ha). The proportion of each 
system depends of wetland environmental fea-
tures and to farmers’ socioeconomic features 
(PTR  2009 ). The region’s topography and rivers 
block the entry of infectious and parasitic live-
stock diseases, with an ideal microclimate for the 
development of high-quality natural forage 
resources. This favours breeding cow longevity 
as well as adult cow marketing status. Temperature 
is lower in the shade than in the open, creating a 
very favourable microclimate for livestock, 
refl ected in animal behaviour. During sunny days 
under tree canopies surface soil temperature can 
increased 8–12 °C by midafternoon, and remain 
nearly constant (1.5–2 °C) at unshaded sites 
depending on soil water levels (Feldhake  2001 ). 
The presence of cattle simultaneously with culti-
vated forests allows for product diversifi cation, 
thus reducing biological and marketing risk fac-
tors. Knowledge of cattle origin provides the fi nal 
product with certifi able premium quality, posi-
tioning it favourably in both regional and world-
wide beef consumer markets (Casaubon et al. 
 2012a ). Production is mainly aimed at the local 
beef market. The Delta’s calves and heifers have 
high meat-quality, since they possess certain 
qualities that allow them to enter almost directly 
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into product certifi cation systems or quality pro-
tocols such as Certifi cate of Origin (González 
et al.  2006 ). 

 The features of the region’s spontaneous for-
age prevent the development of an economically 
profi table  invernada . Even if breeding and  inver-
nada  would have very low production costs in the 
“Zona Núcleo Forestal”, since the basic feeding 
resource is grasslands, beef-cattle raising seems 
to be the most appropriate activity to be inte-
grated into Salicaceae afforestation under SPSs 
in the open. The abundance of tender grass, with 
a high nutritional value, a low percentage of dry 
matter, and high degradability to balance nutrient 
requirement (PTR  2009 ), restricts consumption. 
As a result, animals evolve much more slowly, 
mainly during  invernada  and full cycle. This 
leads to ineffi cient products, since animals are 
fi nished over a very long period. 

 In general, agricultural farms in the region 
combine a variable proportion of non-afforested 
areas with afforested areas of different ages. As a 
result, there is a tree coverage gradient (grassland- 
afforestation) (Borodowski  2006 ). Thus, cattle do 
not graze exclusively under plantations but rather 
alternate with grassland grazing (Laclau  2012 ). 
British cattle breeds predominate in the area, 
especially Aberdeen Angus and Hereford. 
Animal density ranges from 0.2 to 0.5 livestock 
units/ha, it is very heterogeneous and closely 
linked to natural forage availability on the site. 
Livestock production is at between 70 and 100 kg 
ha −1  year −1  (Casaubon, in Peri  2012 ). 

 Species heterogeneity and consequently sea-
sonal variation of forage production in the vari-
ous sites of livestock use enable complementary 
site exploitation. Estimated minimum and maxi-
mum carrying capacity levels (in animals/ha) for 
grasslands (G) and under poplar plantations (F), 
either understory natural (US) or enriched by 
 Dactylis glomerata  plantations (S) were: G: 0.25 
(autumn) to 3.42 (spring), FS: 0.3 (winter) to 
2.07 (spring), and FUS: 0 (autumn) to 1 (spring). 
The presence or absence of annual winter spe-
cies, especially annual ryegrass ( Lolium multifl o-
rum  Lam.) might explain the variability in cattle 
receptivity levels found in non-afforested natural 
grasslands (G). Under afforestation, the differ-

ences might be explained in terms of the presence 
of orchard grass ( Dactylis glomerata ) on forests 
sown (FS) and of the absence of perennial forage 
species on forests unsown (FUS). These differ-
ences call for strategic, differential grazing man-
agement planning in order to guarantee effi cient 
livestock production in each silvopasture in the 
region (Clavijo et al.  2014 ).   

3.5     Advances in the Knowledge 
of System Components 

3.5.1     Effect of Nursery Planting 
Spacing on Poplar Pole 
Cutting Production 
and Quality 

 The establishment of silvopastoral systems 
(SPSs) in poplar ( Populus deltoides  ‘Australiano 
106/60’) plantations requires proper manage-
ment strategies. In this context, the combination 
of the type of propagation material and its palat-
ability may determine the success of system 
establishment. The general objective of the trial 
was to create a new technology for the establish-
ment of a SPS with poplars aiming at the produc-
tion of wood for multiple uses. The fi rst specifi c 
goal was to assess changes occurring at different 
planting spacings in the size and morphological 
characteristics of poplar pole cuttings, multipli-
cation materials that are potentially apt for estab-
lishing a SPS. Results show that the largest 
spacings tested (1 × 1 m and 1.2 × 1.2 m) resulted 
in better 1-, 2- and 3-year old pole cuttings, with 
higher DBH, total height, aerial biomass, straight-
ness, conicity, and shaft stability (Casaubon 
 2013a ). 

 In addition, it was determined that it is possi-
ble to bring forward the entry of cattle into the 
SPS by using pole cuttings with a DBH equal or 
greater than 6 cm, with a positive response during 
the fi rst years after plantation (Table  3.2 ). Poplar 
leaves and tender branches obtained after spring 
pruning provided a good supplement to animal 
diet due to their higher GP, P and K values, and 
their digestibility. It was concluded that poplar 
pole cuttings as multiplication material may lead 
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to early production of poplar wood for multiple 
uses, spontaneous natural pastures, and beef in 
the SPSs on the Lower Delta of the Paraná River.

3.5.2        Effects of Thinning 
and Sowing the Forage 
on Forest and Forage 
Productivity 

 The effects of plantation density and enrichment 
with perennial gramineae on forest growth and 
forage productivity in the understory were 
assessed to evaluate the effects of tree canopy 
shade over composition and productivity in the 
understory (Table  3.3 ). In a commercial poplar 
( Populus deltoides ) plantation, a randomized 
complete block experimental design was used 
(with four replications); and paired plots with (S) 
and without (NS) added C 3  grasses were com-
pared. Thinning intensities were T 0 % (control): 
original density (400 trees/ha), 30 % (280 trees/
ha) and 60 % (160 trees/ha). The added forage 
species were  Festuca arundinacea  and  Dactylis 
glomerata . Hemispherical photography was used 
to estimate the fraction of radiation reaching the 
understory of a deciduous forest and to describe 
canopy structure. In autumn, when tree canopy is 
determined by branches and not by foliage, thin-
ning treatments were more similar to each other 
with respect to light transmission to the ground, 
and exhibited signifi cant differences with the 
control (unthinned). Instead, in spring, when tree 
canopy has foliage, the control and the 30 % thin-
ning treatment of the BA showed similar LAI and 
light transmission percentage to the ground, 
whereas the 60 % thinning treatment of the BA 

exhibited lower LAI and a higher light transmis-
sion percentage than the others (Signorelli et al. 
 2011 ). With respect to stand growth, after 3 years 
of treatment application, intense thinning allowed 
for a 60 % increase in diameter growth (in cm 
year –1 ), but with a 70 % decrease in volume 
growth (in m 3  ha –1  year –1 ). Accumulated volume 
was 206 vs 247 m 3  ha –1  in the control treatment 
(Fernández Tschieder et al.  2011  b ). Thinning and 
seed incorporation synergically improved forage 
stability, composition and production in the 
understory: The accumulated production of dry 
matter from introduced forage species varied sig-
nifi cantly from one thinning value to the other. 
The treatment with 30 % thinning doubled con-
trol production (p < 0.001), whereas the treatment 
with 60 % thinning tripled it (p < 0.001). In the 
treatments with seed incorporation, species 
changes, which promoted forage production, 
were more abrupt, and the situation achieved ini-
tially remained relatively stable over time. As 
regards the unsown treatments, there was positive 
evolution of forage coverage in thinned treat-

   Table 3.2    Average diameter at breast height (DBH) and total height (Ht) of  Populus deltoides  ‘Australiano 106/60’ 
pole cuttings, growing at different densities in nurseries during 3 years   

 2007  2008  2009 

 Spacing (m)  N  DBH (cm)  Ht (m)  DBH (cm)  Ht (m)  DBH (cm)  Ht (m) 

 0.6 × 0.6  36  2.15(0.62)h  4.60(0.82)h  3.42(1.02)f  6.48(1.54)f  4.46(0.35)e  7.97(2.17)e 

 0.8 × 0.8  36  2.73(0.50)g  5.09(0.55)gh  4.38(0.79)e  7.79(1.02)e  5.47(0.44)cd  9.60(1.88)c 

 1.0 × 1.0  36  3.14(0.69)f  5.22(0.64)g  5.22(0.93)d  8.41(0.93)de  6.94(0.69)b  10.88(1.50)b 

 1.2 × 1.2  36  3.49(0.38)f  5.28(0.43)g  5.72(0.68)c  8.94(0.61)cd  7.78(0.27)a  11.95(1.03)a 

  Source: Casaubon ( 2013 ) 
 Different letters indicate signifi cant differences P < = 0.05 for a single variable  

   Table 3.3    Tree growth (PIA, Periodic Annual 
Increment)) and understory productivity (ANPP) as asso-
ciated to thinning and forage seed addition   

 Thinning 
treatment  Forestry canopy  Understory 

 PIADBH 
(cm/year) 

 PIA VOL 
(m 3 /ha) 

 ANPP (kg DM/ha/
year) 

 NS  S 

 Control  1.3 a  28 a  400 a  1.800 a 

 T 30 %  1.7 ab  21 ab  800 b  3.800 b 

 T 60 %  2.1 b  16 b  1.700 c  4.400 c 

  Different letters indicate signifi cant differences in each 
column, p < 0.05  
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ments (30 and 60 %). This was mainly due to the 
establishment of winter annual grasses (Cornaglia 
et al.  2011a ; Clavijo et al.  2012 ).

3.5.3        Effects of Shading 
and Defoliation 
on the Morphogenetic, 
Structural and Functional 
Characteristics of Three 
Perennial Temperate Forages 

 Complementarity in the use of resources between 
herbaceous species and the wood component is 
the key to SPS success. SPSs can be favoured 
with the choice of deciduous trees and forages 
with complementary phenology. An alternative 
to the widespread implantation of annual crops 
-winter annual grasses- to meet demand of winter 
animal forage, is the introduction of perennial 
grasses. This would contribute to system sustain-
ability by avoiding both annual stirring of these 
fragile soils and production instability of annual 
species during either dry or very wet years. 

 Pastures dominated by perennial grasses have 
better ecosystem function than those dominated 
by annual ones (Garden and Bolger  2001 ; 
Lazenby and Tow  2001 ). They also have a deeper 
root system. For this reason, they make use more 
effi cient of water and capture nitrates from deep 
strata. This reduces soil salinization and acidifi -
cation (Kemp et al.  2000 ; Kemp and King  2001 ) 
through better leaching control (Garden and 
Bolger  2001 ). They also have less production 
variability throughout the year and provide more 
complete soil coverage reducing weed invasion 
(Kemp et al.  2000 ; Lazenby and Tow  2001 ). 
However, slow or poor establishment of some 
perennial grasses (Robson et al.  1988 ) as well as 
their low initial growth rates entail lower poten-
tial productivity, mainly under shaded 
conditions. 

 Shading, associated with changes in the inten-
sity and quality of light reaching the understory, 
varies in time and space, depending primarily on 
forest features and on the growing season. Under 
these light conditions, plants often express shade 
tolerance and evasion mechanisms: specifi c leaf 

area expansion and an increase in internode 
 elongation, leaf/stem ratio reduction, and shoot/
root ratio increase, respectively (Ballaré et al. 
 1990 ). These mechanisms are advantageous 
since they improve grass competition for light, 
but they might hinder species persistence in these 
systems by restricting root growth. In addition, 
these modifi cations demand changes in defolia-
tion management. Therefore, there is some 
uncertainty over which perennial grasses sown 
and over how to manage defoliation in these 
shaded systems. 

 We aimed at establishing if it was possible to 
maximize simultaneously aerial productivity and 
persistence, root growth and tillering, of C 3  
perennial grasses in silvopastoral systems (Table 
 3.4 ). To that end, we assessed morphogenetic, 
structural and functional changes associated with 
poplar shading and with defoliation frequency. 
We carried out an experiment with pots in fi eld 
conditions, in a factorial arrangement with three 
repetitions and screening three C 3  perennial 
grasses with different shade tolerance:  Phalaris 
aquatica  –  Pha ; sensitive-,  Dactylis glomerata  – 
 Dg ; tolerant- and  Festuca arundinacea  –  Fa ; 
moderately tolerant to shade-. We probe two 
defoliation frequencies: at optimal – Optimal- 
(ODF) and High (HDF), and two sites: UNDER 
(90 % reduction of photosynthetically active 
radiation -PAR- and 50 % reduction of Red:Far- 
Red ratio -R:RL-) during poplar growth season, 
and OUTSIDE (in the open). ODF for each spe-
cies was the necessary time to expand the maxi-
mum number of living leaves per tiller, and HDF 
was half that time. Optimal defoliation interval 
was in 4 leaves.tiller −1  for  Dg  and  Pha , and in 3 
leaves.tiller −1  for  Fa  (Rawnsley et al.  2002 ; 
Sinclair et al.  2006 ). Defoliation methodology 
was adapted from Berone et al. ( 2008 ). 
Defoliation intensity included total lamina 
removal. Experimental period was 263 days 
between sowing and fi nal harvest. Response vari-
ables were: (a) morphogenetic: phyllocron and 
lamina longevity or leaf lifespan (LLS) (both 
expressed in GDD.leaf −1 ), (b) structural: total 
blade length per tiller – cm.tiller –1 ; indicating til-
ler size- and tiller density (number or tillers per 
plant, and (c) functional: aerial, root and total 
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biomass of individual plants (mg.plant −1 ) and 
biomass shoot/root ratio (mg/mg).

   In general, shading increased species phyllo-
cron, with the exception of  Fa  (Table  3.1 ).  Fa  and 
 Pha  leaf lifespan decreased, accelerating leaf tis-
sue turnover under shaded conditions. In  Fa , 
HDF increased LLS only OUTSIDE 
(site*frequency interaction).  Dg  was the only 
species also exhibiting a phyllocron increase as a 
response to defoliation frequency (Table  3.1 ), 
whereas  Dg  leaf lifespan showed no changes 
associated to any of the factors under evaluation 
(Cornaglia et al.  2010 ). UNDER poplar trees, 
total blade length per tiller was higher than 
OUTSIDE (Table  3.1 ).  Pha  showed bigger tillers 
especially when it was defoliated with ODF 
(site*frequency interaction; Table  3.1 ). UNDER 
shading  Fa  increased tiller number per plant,  Pha  
reduced it and  Dg  exhibited no changes. AFD 
only affected tillering in  Fa  (Cornaglia et al. 
 2011b ). Tested defoliation frequencies did not 
affect the biomass of the species (p > 0.05); it is 
possible that current defoliation intensity was 
excessive. Total species biomass (aerial + radi-
cal) did not differ between sites (p > 0.05). 
Aboveground biomass was higher in UNDER 
and root biomass, higher in OUTSIDE in  Pha  
and  Fa ; being biomass shoot/root ratio higher 
UNDER poplar trees.  Dg  behaviour was indiffer-
ent between sites (Gatti and Cornaglia  2011 ). 

 According to these results, the species most 
tolerant to shade,  Dg , preserved the morpho-
genic, structural and functional parameters asso-
ciated with its growth and persistence in 
UNDER. High light transmission during winter 
UNDER would only favour tillering in  Fa . 
UNDER, only  Fa  and  Pha  root biomass 
decreased. Thus, UNDER,  Pha  persistence 
would be totally affected, and  Fa  persistence 
would be moderately affected.  Pha  and  Fa  accel-
erated leaf tissue turnover under shaded condi-
tions, for that reason, defoliation with respect to 
OUTSIDE was expected to perform earlier. 
Frequencies higher than species physiological 
optimum – HDF- affected the phyllocron in  Dg , 
tillering in  Fa  and tiller size in  Ph  only UNDER. It 
would only be possible to maximize aerial pro-
ductivity and persistence of  Dg  simultaneously in 
these systems.   

3.6     Silvopastoral Systems 
with Willows 

3.6.1     Traditional Willow Silviculture 

 Willow silviculture traditionally practiced in the 
Delta of the Paraná River is aimed at the produc-
tion of a higher volume of wood per hectare, 
rather than individual plant volume (Casaubon 

   Table 3.4    Results of variance analysis comparing the effect of site (two levels: UNDER and OUTSIDE), defoliation 
frequency (two levels: ODF and HDF) and their interactions, on certain morphogenetic and structural variables of 
Dactylis glomerata (Dg), Festuca arundinacea (Fa) and Phalaris aquatica (Pha) (n = 3)   

 Variable 

 Species  Site effect  Defoliation frequency effect  Site*frequency interaction 

 F  P  F  P  F  P 

 Phyllocron (GDD.leaf –1 )   Dg   62.64  ***  7.54  **  0.0047  ns 

  Fa   0.09  ns  0.38  ns  0.30  ns 

  Pha   28.71  ***  0.02  ns  1.86  ns 

 Tiller size (cm.tiller −1 )   Dg   193.84  ***  2.17  ns  0.81  ns 

  Fa   197.72  ***  0.16  ns  0.13  ns 

  Pha   97.53  ***  8.13  **  5.88  ** 

 Tiller density (tillers.
plant −1 ) 

  Dg   0.63  ns  1.43  ns  0.36  ns 

  Fa   6.35  **  6.35  **  0.46  ns 

  Pha   7.48  **  0.01  ns  0.01  ns 

   ns  no signifi cant effect,  ODF and HDF  Optimal and High Defoliation Frequency,  GDD  growing degrees days 
 The results presented are F and P values: *** p < 0.01; ** p < 0.05; * p < 0.10  
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 2012 ). Consequently, such wood is mainly des-
tined to the milling industry (crushed wood and 
wood pulp) (Cerrillo  2010 ). Predominant planta-
tion densities are very high (between 1,100 and 
1,600 plants per hectare) when the intended use 
is crushed wood. Afforestation is undertaken in 
sites of very diverse quality and lacking in proper 
water management, which alters plantation 
growth. Water excess may result in wood quality 
loss due to colour changes (purplish stains) and 
even tree death. Water shortage, in turn, can cause 
growth loss and even diseases. In addition, there 
are vast areas with monoclonal plantations, 
increasing plantation vulnerability to insect pest 
attacks (Casaubón  2014b ). Plantations are 
installed from 0.70- to 2-metre-long stakes as 
propagation material, and, in a lower proportion, 
from 3- to 5-metre-long pole cuttings when plant-
ing on land that has not been adequately prepared 
for afforestation. These are 1- or 2-year-old nurs-
ery materials. Depending on their size as well as 
on soil type, materials are planted between 0.40 
and 0.60 m deep, usually in rectangular patterns 
(Casaubon  2014b ). 

 In general, traditional willow plantations are 
thinned of pole cuttings. This removes all basal 
branches, leaving the best-positioned pole on the 
stake standing. Later, formation pruning is car-
ried out on the shaft. Pruning can be repeated at 
the second or third year of age in order to facili-
tate the movement of machinery to control weeds 
and insect pests around the stand. In high-density 
plantations, if the goal is to produce wood for 
sawing, selective thinning is used, removing 
oppressed, defected or damaged trees, or trees 
with shaft diseases (Casaubon  2014b ).  

3.6.2     Proposed Management 
for Willow Silvopastoral 
Systems 

 The larger quantity of beef cattle in the region in 
the last years has led to the need to move from the 
traditional plantation system to a more intensive 
production system with the aim to achieve a com-
prehensive production of wood, grasses and beef 
(Casaubon and Gonzalez  2009 ). Willow SPSs 

currently focus on wood production for various 
uses in an environmentally friendly fashion. The 
new willow silviculture is designed to produce a 
higher percentage of wood for solid uses (sawn 
wood and veneers), in addition to crushed wood, 
wood pulp and/or wood for energy uses 
(Casaubon  2014b ). In the case of plantations 
under Agrosilvopastoral Systems particularly, it 
is designed to produce high-quality beef, forage 
and/or honey according to the demands from 
both the domestic and the international markets 
(Fig.  3.3 ). Predominant plantation plots are 
square-shaped, such as 4 × 4 and 5 × 5 m. Their 
silvicultural management demands organisation 
of the plantation area, identifying the most suit-
able site(s) for the clones to be cultivated. High- 
quality wood production calls for the greatest 
possible clone diversity under the “single-clone 
stand mosaic” model, with heterogeneous distri-
bution of ages and of areas occupied by each 
clone under cultivation, in order to try to main-
tain biological diversity and to minimise poten-
tial disease and pest risk. In well-managed 
willows plantations, with good water availability, 
it is common to see a greater diversity of native 
fauna species. In mammals: Marsh deer 
( Blastocerus dichotomus ), capybara 
( Hydrochoerus hydrochaeris ), neotropical otter 
( Lontra longicaudis ), coypu-nutria ( Myocastor 
coypus ), common armadillo ( Dasypus novem-
cinctus ), lutrine opossum ( Lutreolina crassicau-
data ), white-eared opossums ( Didelphis 
albiventris ), common fox ( Cerdocyon thous ), 
Islander colilargo ( Oligoryzomys delticola ). In 
birds: dusky-legged guan ( Penelope obscura ), 
epaulet oriole ( Icterus cayanensis ), solitary caci-
que ( Cacicus solitarius ), green kingfi sher 
( Chloroceryle americana ), variable antshrike 
( Thamnophilus caerulescens ), and Buff-throated 
Warbling-fi nch ( Poospiza lateralis ) (Fracassi 
 2012 ). Increased bird and mammal diversity of 
predators contributes in turn to biological control 
of Willow Sawfl ies ( Nematus oligospilus ) in leaf, 
and of ambrosia beetle ( Megaplatypus mutates ) 
in stem. These are pests of willows that affect the 
growth and the wood quality (Casaubon  2014b ).

   It is essential to implement good water man-
agement, which requires proper land systemati-
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sation facilitating river water movement using 
drainage channels into the plantation during both 
droughts and periods of heavy rain (Casaubon 
et al.  2013b ). In order to do so, to control phreatic 
zone water depth in each stand by means of phre-
atic water level meters guarantee an oscillating 
water level close to the zone with the greatest 
root development. This ensures proper water 
availability for forage and tree growth, while 
improving water quality in drainage networks as 
livestock drinking water. 

 In order to yield quality materials, nurseries 
require planting spacings greater than traditional 
ones, such as 1 × 1 m, as well as excellent sites 
and more intensive nursery management. In the 
most apt plantation sites, there have been good 
experiences of planting 1- and 2-year-old, 3.5- to 
7-m long, unrooted pole cuttings, especially in 
 Salix babylonica  x  Salix alba  ‘Ragonese 131/25’ 
and ‘Ragonese 131/27’ and  Salix matsudana  x 
 Salix alba  ‘Barret 13/44’ willow cultivars, 
obtained from nurseries specially designed to 
that end. Formation pruning, also known as 

branch thinning, should be carried out as from 
the fi rst year, leaving the highest, straightest, 
most conical and best-positioned pole cutting 
from the mother strain standing. At the second or 
third year, the fi rst systematic shaft pruning is 
carried out, ensuring the absence of larger knots. 
Such pruning should be carried out gradually, 
removing at least the fi rst third of basal branches 
in good-quality sites, or to a height not exceeding 
50 % of total tree height, especially in excellent- 
quality sites, in order to reduce growth loss 
(Casaubon et al.  2006 ). 

 This silviculture accelerates SPS establish-
ment, with livestock entry at the second or third 
year of plantation, facilitating natural grass con-
sumption and the simultaneous production of 
beef and wood for various uses. It also favours 
plant individual growth with a higher percentage 
of cylindrical shafts, as well as augmenting plant-
ing period (May–August), spontaneous forage 
and wood quality by reducing dark stains and 
standing tree death due to excess water. There is 
less competition among plants and a lower risk of 

  Fig. 3.3    A silvopastoral system with 5-year-old  Salix 
babylonica x Salix alba  ‘Ragonese 131/25’ planted from 
1-year-old pole cuttings, and spontaneous  Lolium multi-

fl orum  and  Brommus catharticus  natural fodder grassland 
in the Lower Delta of the Paraná River       

 

E.A. Casaubon et al.



57

surface and forest fi res, since dry grass volume is 
smaller, and water is always present in drainage 
networks and available for livestock. It also 
increases the diversity of animals and plants 
associated with water availability (Casaubon 
 2014b . In addition, willow leaves are very palat-
able and nutritious for livestock, and thus a good 
complement to livestock feed (Rossi et al.  2005 ; 
Carou  2010b ).  

3.6.3     Experiment to Study 
Dasometric Response 
and Interaction 
between Willow Clones 
and Beef Cattle 

 The objective was to assess dasometric behaviour 
in a silvopastoral trial with six willow clones, and 
to characterise Aberdeen Angus heifer behaviour 
with respect to herbivory. The hypothesis was 
that willows under study exhibit different behav-
iour towards herbivory. Two-year-old pole cut-
tings with 1-year-old roots (PC2 R1) were planted 
in 2005. Experimental design was randomised 
complete block design with four 25-plant repeti-
tions of  Salix babylonica x Salix alba  ‘Ragonese 
131-25 INTA’,  Salix babylonica x Salix alba  
‘Ragonese 131-27 INTA’,  Salix matsudana x 
Salix alba  ‘Barret 13-44 INTA’,  Salix matsudana  
x  Salix alba  ‘26992’,  Salix matsudana  x  Salix 
alba  ‘26993’ and ‘ Salix nigra Alonzo Nigra 4 ’. 
Annually, in winter, all plants were pruned of epi-
cormic shoots up to the fi rst three metres of shaft 
height, and diameter at breast height (DBH) and 
total heights were measured. At year 4 after 
planting, four 3-year-old 300-kg calves entered 
each block. Even if there are no signifi cant differ-
ences between clones for the diameter, height or 
volume variables, there are “marginal” differ-
ences for the height variable ( Salix nigra  4 is 
higher than the ‘26992’ clone, but these differ-
ences are not signifi cant). The percentage of 
browsed leaves and tender shoots was assessed 
with respect to beef cattle entry into the system. 
Even if all clones with branches at animal height 
were browsed, no trees exhibited shaft damage 
due to browsing. There appeared differences as 

regards browsing intensity: whereas ‘Barret 
13/44 INTA’ and ‘26992’ clones showed 100 % 
of browsed shoots, the ‘26993’ clone exhibited a 
lower proportion (median 88 %). However, not 
all the plants from this clone had epicormic 
shoots at animal height – some branches were 
higher. Willows under silvopastoral systems can 
produce quality wood for various uses, as well as 
forage and shade for cattle (Casaubon et al. 
 2011 ).   

3.7     Environmental Impact 
Related to Beef Cattle 
in Silvopastoral Systems 
with Salicaceae. Some 
Suggestions to Mitigate 
Situations of Extreme 
Management 

 Livestock production constitutes a land manage-
ment system, which can optimise food (beef) 
production as well as maintain ecosystem pro-
ductivity. As a stimulant to ecosystem processes, 
grazing contributes to manure distribution and 
incorporation, to maintaining soil fertility and 
physical characteristics, and to forage persistence 
through seed distribution by cattle. Controlled 
grazing on the original vegetation (“ pajonal ”) 
increases species diversity. It gives rise to sponta-
neous forage species with a higher nutritional 
value than original species such as  Phalaris 
angusta ,  Lolium multifl orum ,  Bromus catharti-
cus ,  Leersia hexandra , and  Trifolium repens . 
However, when animal density surpasses carry-
ing capacity, deterioration sets in and affects all 
system components. Excessive grazing (in terms 
of both intensity and frequency) may lead to veg-
etation degradation, resulting in a reduction of 
desirable forage species, an increase in forage 
species less appetising to livestock, and loss of 
vegetation cover. Soil denudation causes erosion, 
as well as soil-fertility decline and soil- structure 
deterioration. Trampling exerts mechanical pres-
sure on the soil, especially in sites where it occurs 
most frequently, such as trails, water-drinking 
areas and resting areas. With soil surface com-
paction, soil’s bulk density increases, and poros-
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ity and water infi ltration rates decrease. The 
presence of compacted soil reduces forage pro-
duction and negatively affects the coexistence of 
livestock and fauna, since it increases competi-
tion for plants or for water. Water quality declines 
when sediment increases. Erosion may lead to 
severe fertility loss when water removes or car-
ries away soil surface layer. Surface runoff car-
ries fi ne soil particles and organic matter particles, 
resulting in soil and nutrient loss, water pollution 
by suspended solids, and sediment deposition. 

 Burning is an ancient technique used by island 
farmers in order to manipulate the vegetation for 
the purposes of cattle grazing. Burning is used to 
control unwanted vegetation and high weeds, to 
remove less appetizing herbs and plants, and to 
favour the growth of the most palatable, digest-
ible or nutritious plants. Nonetheless, burning 
might damage the forest, the vegetation and the 
soils, and cause higher erosion levels. Using 
chemical products to control pests and diseases, 
or herbicides to control weeds when preparing 
the site for plantation may have negative environ-
mental impact, leading to water pollution and, 
therefore, negative effects for livestock, fauna, 
(both superfi cial and phreatic) water sources, and 
vegetation. 

 The recommended management techniques to 
increase productivity and to control erosion are 
mechanical and physical intervention with 
respect to the soil or the vegetation, and other soil 
and water conservation techniques. Increasing 
the number of water sources, placing them strate-
gically and maintaining the soil covered with 
native herbaceous vegetation and/or planting 
shade-tolerant forages may reduce soil erosion. It 
is essential to estimate carrying capacity in each 
individual situation, as well as implementing 
grazing control to guarantee proper use of and 
balance between SPS components.     
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    Abstract  

  The Chaco region is a vast plain extending over northwestern Argentina, 
Bolivia and Paraguay. Over the years, the woody component has increased in 
all vegetation communities of the Chaco. This poses a major problem for 
grassland productivity because the woody plants compete for resources with 
grass, impact advanced tree regeneration, hamper livestock and personnel 
movements, and restrict accessibility for forage due to high stem density and 
thorns. These disadvantages far outweigh the advantages offered by such 
trees and shrubs in terms of providing shade, foliage and fruits, and improv-
ing soil conditions. To address this issue, a silvopastoral system called “Low 
intensity roller-chopping” (RBI) was tried, based on theoretical approaches 
and fi eld research, in the western Chaco from 1990 to 2014. A distinctive 
feature of the system is that trees that are already present in the Chaco system 
are mechanically disturbed by properly adjusting the size of the tractor and 
the roller-chopper and regulating the frequency and severity of the number of 
passes over the standing vegetation. The operation is based on an appropriate 
soil and vegetation inventory of the area at a scale >1:50,000. By using RBI, 
the estimated improvement of stocking rate is 3–5 ha*animal units −1  (Animal 
unit (AU): forage of average quality consumed by a cow of 350 kg liveweight 
weaning one calf a year) when native species are considered, and if  Panicum  
species are used there is average increase of 1–2 ha*AU −1 . Effects on soil 
quality as assessed by soil organic matter (SOM); and soil nitrogen (N) mag-

        C.   Kunst      (*) •    M.   Navall    •    R.   Ledesma    •    D.   Coria    • 
   A.   Gómez    •    A.   González    •    P.   Tomsic    •    J.   Godoy    
  Santiago del Estero Experimental Station ,  Instituto 
Nacional de Tecnología Agropecuaria (INTA) , 
  Jujuy 850 ,  G4200CQR   Santiago del Estero , 
 Argentina   
 e-mail: kunst.carlos@inta.gob.ar   

 4

    J.   Silberman    •    A.   Anríquez    •    S.   Bravo    •    A.   Albanesi    
  Universidad Nacional de Santiago del Estero (UNSE) , 
  Av. Belgrano (S) 1239 ,  Santiago del Estero ,  Argentina     

    D.   Grasso    
  INTA, Soil Research Institute ,  National Center of 
Agriculture Research ,   Castelar ,  Argentina     

    J.  A.  D.   Nuñez    
  Escuela Superior de Montes ,  Universidad Politécnica 
de Madrid ,   Madrid ,  Spain    

mailto:kunst.carlos@inta.gob.ar


64

nitudes, tree regeneration, vegetation and bird diversity, and brush control 
were also studied. Results indicate that RBI is a promising approach to man-
aging native vegetation of the Chaco in a sustainable manner.  

  Keywords  

  Disturbance   •   Forest management   •   Range management  

4.1       Introduction 

 The Chaco region is a vast plain that extends into 
northwestern Argentina and surrounding coun-
tries (Fig.  4.1 ).  Chaco  is a  quichua  word meaning 

“a place for hunting” or “a place where I am self- 
suffi cient” (Metraux  1946 ; Berton 2014, personal 
communication). The native vegetation of the 
Chaco region is complex, composed of plant 
communities where either woody species 

  Fig. 4.1    The Chaco region in Argentina (Source: Morello 
 1968 ). References: Chaco serrano: Hilly Chaco; Chaco 
occidental: Western Chaco, arid-semiarid climate; Chaco 

central: central Chaco, subhumid climate; Chaco oriental: 
Eastern Chaco, humid climate; Chaco austral: southern 
Chaco, temperate climate       
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 (≈forests, shrub thickets) or grasses (≈grass-
lands, savannas) dominate. Throughout the years, 
the woody component has increased in all vege-
tation communities and has homogenized the 
landscape, decreasing diversity and the suitabil-
ity of the ecosystem for providing goods and ser-
vices. These problems are shared with other arid 
and subhumid regions of the world, creating 
complex management situations since there are 
production and conservation issues mixed 
together (Gifford and Howden  2001 ; Burrows 
 2002 ; Van Auken  2009 ). Silvopastoral systems 
are an option for solving these confl icts that is 
worth exploring. Concerns about the sustainabil-
ity of the Chaco ecosystem favor reclamation 
procedures keeping most of the native tree and 
shrub individuals, a vegetation clearing system 
locally called “ silvopastoral ” (Provincia de 
Santiago del Estero Law 6841 and further regula-
tions  2007 ).

   In this paper, we will describe a silvopastoral 
system proposed by INTA and other institutions, 
called “Low intensity roller-chopping” (RBI for 
“ rolado de baja intensidad ” in spanish) based on 
theoretical approaches and results from fi eld 
research conducted in the western part of the 
Chaco from 1990 to 2014. These fi ndings were 
used to develop management recommendations 
to provide good and services (meat, wood, diver-
sity and wildlife) from Chaco ecosystems in a 
sustainability framework.  

4.2     The Chaco Ecosystem: 
Climate, Soils and Vegetation 

 The Chaco summers are hot and wet, while win-
ters are dry and cold (Boletta  1988 ). Freezing 
temperatures as low as −10°/−15 °C are common 
during winter, while temperature can reach 
38–40 °C in a spring-summer afternoon. Rain is 
quite variable within and between seasons and 
tends to decrease from 1000 to 1200 mm in the 
eastern Chaco to 300–400 mm toward the south-
ern tip of the western Chaco (Boletta  1988 ). 
Average air temperatures follow the same pat-
tern, balancing in some way the diminishing 
rainfall. 

 The western Chaco is a vast plain, with a 
slight slope toward the southeast and crossed by 
several rivers, such as the Salado and Dulce. 
Toward the south, as rainfall decreases, rivers 
become semipermanent streams. Sediments 
brought by rivers and streams from the moun-
tains and sierras located in the western side are 
the original material for the soils. In the semiarid- 
subhumid subregions of the eastern Chaco, soils 
are Mollisols, and in the semiarid-arid subregions 
they are Aridisols and Entisols (western Chaco). 
There are also vast areas with saline-sodic soils. 
Mollisols, entisols and alfi sols occupy 38 %, 28 
% and 16.5 % of the Chaco region, respectively 
(INTA-SAGyP  1990 ). Mollisols have a better 
productive capacity than the other two, while 
Entisols are less evolved and shallow, presenting 
an ochric epipedon (Morello et al.  2012 ). The 
resilience and buffering capacity of these soils is 
limited when faced with poor land management 
such as overgrazing (Sanzano et al.  2005 ). 

 At the local scale, the vegetation of the Chaco 
region is a mosaic of hardwood forests, savannas 
and grasslands (Bucher  1982 ; Morello and 
Adámoli  1974 ; Bordón  1983 ). These vegetation 
types correspond to different soil and drainage 
features related to the geomorphological pro-
cesses associated with water runoff (e. g. levees 
and fl ats, Bucher  1982 ). At a scale of ~1:20,000, 
soil and vegetation types within the Chaco are 
located along a catena from the ‘upland’ to the 
‘lowland’. A vegetation model, using the concept 
of ecological site, was provided by Kunst et al. 
( 2006b , Fig.  4.2 ): hardwood forests occupy the 
upland sites, while the woodlands and savannas 
are located on the intermediate and lowland sites, 
respectively. The tree species  Schinopsis lorentzii  
(Griseb.) Engl. 1  and  Aspidosperma 
 quebracho- blanco  Schldtl. dominate in upper 
layers of the dry Chaco forests (c. 15 m tall). 
 Prosopis nigra  (Griseb.) Hieron. (algarrobo 
negro),  Ziziphus mistol  Griseb. and  Cercidium 
praecox  (Ruiz and Pav. ex Hook.) Harms are 

1   Botanical nomenclature follows Catálogo de Plantas 
Vasculares de la República Argentina, Instituto de 
Botánica Darwinion, 2011 [ www.darwin.edu.ar/
Proyectos/FloraArgentina ]. 
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common species in the medium strata. The shrub 
layer is composed by  Acacia furcatispina  
Burkart,  Capparis atamisquea  Kuntze,  Condalia 
microphylla  Cav. and  Celtis pallida  Torr. In the 
upland site, wildfi re creates pyric grasslands 
dominated by  Trichloris crinita  (Lag). Parodi,  T. 
plurifl ora  E. Fourn.,  Gouinia paraguayensis  
(Kuntze) Parodi,  G. latifolia  (Griseb.) Vasey and 
 Setaria leiantha  Hack (Morello and Saravia 

Toledo  1959 ). The midland and lowland sites are 
occupied by parklands and savannas, respec-
tively. Parklands are dominated by the grass spe-
cies  Pappophorum pappiferum  (Lam.) Kuntze, 
and  P. mucronulatum  Nees (Herrera et al.  2003 ), 
while savannas dominated by  Elionurus muticus  
(Spreng.) Kuntze,  Heteropogon contortus  (L.) 
P. Beauv. ex Roem. and Schult.,  Schyzachirium  
spp.,  Paspalum  spp. and  Botriochloa  spp. Woody 

  Fig. 4.2    Ecological sites and associated vegetation types 
in the western Chaco at a cartographic scale ~1:20,000. 
( a ) Original landscape and common disturbances; ( b ) cur-

rent landscape resulting from overgrazing, indiscriminate 
logging and lack of fi re (Modifi ed from Kunst et al.  2006 )       
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species frequent in these ecological sites are 
 Prosopis nigra  (Griseb.) Hieron.,  P. kuntzei  
Harms,  Geoffroea decorticans  (Gillies ex Hook. 
and Arn.) Burkart,  Acacia aroma  Gillies ex. 
Hook and Arn, and  Schinus  spp. Trees and shrubs 
are scattered across the savannas in small patches 
or isolated trees (Kunst et al.  2003 ).

4.3        The Woody Species ‘Problem’ 
in the Chaco 

 Chronicles of European conquerors and scientists 
traveling along the vast territories of Chaco 
region described open areas dominated by 
grasses, with smaller regions of dense forest, 
where indigenous people carried out their subsis-
tence activities such as hunting, fi shing and har-
vesting of fruits (Caamaño  1955 ; Metraux  1946 ). 
Maps of the Chaco from the mid nineteenth to the 
twentieth centuries as well as the names of small 
cities and towns suggest that until well the mid 
twentieth century, grasslands/savannas and for-
ests shared the Chaco landscape in an even pro-
portion (Moussy  1873 ; Frenguelli  1940 ). Fire 
was probably responsible for maintaining that 
vegetation distribution, since the natives gener-
ated many fi res for hunting and war purposes 
(Morello and Saravia Toledo  1959 ; Bravo et al. 
 2001 ). 

 At the beginning of the twentieth century, the 
vegetation of the Chaco region was suitable for 
livestock raising and/or timber operations. 
Nowadays, dense shrub thickets and overstocked 
secondary forests are widespread in the region, a 
fact that has homogenized the landscape 
(Adamoli et al.  1972 ). These changes in land-
scape and vegetation physiognomy have been 
caused by livestock overgrazing, indiscriminate 
logging, changes in the fi re regime, and fencing 
(Adamoli et al.  1972 ; Kunst et al.  2006 ). Woody 
plants may reach a density of 10,000 stems*ha −1  
in some areas (Kunst et al.  2008 ). 

 The ‘problem’ of woody plants has many 
facets. High density of woody plants decreases 
the ‘suitability’ of vegetation types for the live-
stock industry. Specifi cally, the problem of 

woody species is twofold: (a) competition for 
resources with grass species (sunlight and 
water) and (b) hampering of livestock and per-
sonnel movements and low/nil forage accessi-
bility due to the high stem density and their 
thorns (Nai Bregaglio et al.  1999 ). The current 
stocking rate of native vegetation in poor range 
condition is negligible if compared with vege-
tation in good condition: 30 ha*AU −1  versus 
3–5 ha*AU −1 , respectively. This fact negatively 
infl uences the economy of ranching operations 
in areas dominated by with ‘woody states’ 
(Fumagalli et al.  1997 ; Kunst et al.  2006 ). The 
restoration of the original savannas and grass-
lands would be an unrealistic proposal due to 
high costs involved. 

 From the point of view of forest management, 
the excess of shrubs and young tree individuals 
(advance regeneration) decrease the availability 
of resources for tree growth, thus the community 
requires thinning. 

 On the other hand, depending on the circum-
stances, tree and shrub species can be viewed 
favorably by ranchers and shepherds. In 
 semiarid- arid areas like the Chaco a paddock 
that possess trees and shrubs has several advan-
tages over a treeless pasture: (a) the environment 
under the shade of woody plants is more com-
fortable, animals do not endure intense heat nei-
ther cold conditions (Ledesma  2006 ; Obispo 
et al.  2008 ); (b) most of the native tree and shrub 
species provide foliage and fruits with high 
nutritive value (Bordón  1983 ); (c) grass forage 
has a better nutritional quality under trees than in 
open areas (Ludwig et al.  2008 ) and (d) in arid 
and semiarid ecosystems trees and shrubs can 
improve subcanopy soil conditions by increasing 
microbiological activity, thus generating more 
nutrient availability (Belsky et al.  1993 ; Durr 
and Rangel  2000 ,  2002 ; Smit  2004 ). Moreover, 
soil physical properties, such as structure, poros-
ity and water storage capacity are improved 
(Ledesma  2006 ). They also are a source of biodi-
versity, habitat for wildlife, and carbon storage 
(Gifford and Howden  2001 ; Ansley and 
Rasmussen  2005 ; McIvor  2006 ; Navall  2008 ; Le 
Brocque et al.  2009 ).  
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4.4     Silvopastoral Systems 
in the Chaco: The Santiago 
del Estero Experimental 
Station (EEASE) Approach 

4.4.1     Theoretical Approach 

 A silvopastoral system may be defi ned as a combi-
nation of two activities occurring in the same place: 
livestock grazing and timber operations. In the 
Chaco region both activities take place in a pad-
dock, and in an ideal setting, both should be com-
plementary and sustainable. Around the world, 
many silvopastoral systems are created by planting 
trees; in the Chaco the practical challenge is to 
develop a silvopastoral system based on already 
existing native tree and shrub species. In this situa-
tion, the manager/operator cannot manage the ini-
tial tree densities by planting. The individuals 
already exist in a paddock, and its origin may be 
associated to previous mismanagement of the area. 

 From a range/grass management standpoint, 
whenever a threshold in woody encroachment is 
attained, the limitations of grass standing crop 
cannot be surmounted unless a major disturbance 
aimed at reducing the dominance of woody plants 
is applied (Cabral et al.  2003 ; Ansley et al.  2006 ; 
McIvor  2006 ; Díaz  2007 ; Ansley and Wiedemann 
 2008 ; Smit  2005 ). Traditional ‘active approaches’ 
(McIver and Starr  2001 ) such as chemical prod-
ucts, prescribed fi re and mechanical treatments 
have been assessed experimentally in the Chaco to 
disrupt woody states and to transform them into 
grassy states. Research reports a yield increase 
>500 % of native grass species in comparison with 
untreated areas (Rodriguez Rey et al.  1983 ; 
Alessandria et al.  1987 ; Galera  1990 ; Passera et al. 
 1996 ; Boetto et al.  1999 ; Kunst et al.  2001a ). 
Nowadays, mechanical treatments are widely used 
in the Chaco region. Reasons are a lack of fi ne fuel 
for carrying out a prescribed fi re, high cost of 
chemical products and ecological concerns about 
the sustainability of the ecosystem. However, we 
acknowledge that the fossil fuels used for mechan-
ical treatments are also considered unsustainable. 

 However, all these practices harm the woody 
plants (especially trees) in one way or the other, 
thus endangering one of the key components of a 
silvopastoral system (Araujo  2003 ). The techni-

cal staff of the EEASE surveyed existing 
 paddocks reclaimed by mechanical treatments in 
the Chaco during the late 1990 and early 2000 
and conducted fi eld trials in the ‘La María’ 
Experimental Ranch of the INTA Santiago del 
Estero Research Station (Kunst et al.  2001a ,  b ). 
In these surveys and experiments, spatial and 
temporal variation was partitioned in ecological 
sites, treatment and years since initial treatment. 
Ecological site was considered as a classifi cation 
factor representing the combined effects of topo-
graphical position, water runoff-runon phenome-
non, soil texture, and introduced the spatial 
variation at cartographic scale larger than 
1:20,000. Treatment represented the mechanical 
treatment proper and seeding effects, and years 
since initial treatment represented the mixed 
effect of several factors: grazing and weather fea-
tures during a specifi c year -especially rainfall 
amount and distribution-, and the spatial varia-
tion resulting from the changing locations of 
sampling transects every year. Based on this 
research, the silvopastoral system was developed 
using the following criteria:

    1.    Agronomic and forestry practices such as tree 
thinning, herbivory, mechanical and herbicide 
applications, etc. could be viewed as distur-
bances. A disturbance is a discrete event in 
time that disrupts ecosystem structure, compo-
sition and/or processes by altering its physical 
environment and/or resources, causing a 
destruction of plant biomass (Seidl et al.  2011 ). 
In a ranching or a timber operation context, 
these practices are usually repeated throughout 
time to increase grass standing crop, or aimed 
at reducing competition so that a timber yield 
is sustained (Heitschmidt and Pieper  1983 ; 
Seidl et al.  2011 ). A disturbance could be char-
acterized by its intensity, severity and fre-
quency, the latter defi ned by the longevity 
(~return interval) of treatments (Kunst et al. 
 2012a ). Based on the Prygogyne dissipation 
equation, Naveh ( 1990 ,  2004 ), stated that the 
main issue of a management program is to 
establish the regime of disturbance. Therefore, 
to create or manage a silvopastoral system, the 
research question is to ascertain the appropri-
ate features of a series of disturbance practices 
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with a specifi c, well defi ned regime in order to 
sustainability be maintained.   

   2.    The intensity and severity of the disturbance(s) 
should be such as to create/maintain positive 
interactions such as facilitation between woody 
plants and grasses (Ong and Leakey  1999 ). 
Surveys indicate that mechanical treatments 
that are too severe reset the succession to zero, 
and so called pioneer species, that are well 
adapted to disturbances, dominate. In the Chaco 
region, that means that woody species of the 
genera  Acacia  and  Prosopis  thrive (Kunst et al. 
 2003 ) and this may not be a desirable effect.   

   3.    Native woody plants return because most are 
sprouters: mechanical treatments and/or fi re 
rarely kill them (Bond and Midgley  2001 ; Van 
Auken  2009 ; Bravo  2008 ,  2010 ; Bravo et al. 
 2011 ,  2012 ). An important aspect in inte-
grated woody plant management programs is 
their longevity, referred in the literature as 
persistence, duration of the treatment, treat-
ment life, and thickening (Heitchmidt and 
Pieper  1983 ; Noble et al.  2005 ; Gifford and 
Howden  2001 ). It estimates how long the dis-
ruption caused by a disturbance will last. 
Thresholds should be defi ned in order to 
defi ne an appropriate timing for a treatment, 
since concerns are both economical (treat-
ment amortization, Teague et al.  2008 ) and 
ecological: a disturbance cannot have a return 
interval that may endanger the sustainability 
of the population of a desirable woody or 
wildlife species (Navall  2008 ).    

4.4.2       Practical Approach: Low 
Intensity 
Roller-Chopping (RBI)  

 The most refi ned and precise disturbance that 
could be used in a silvopastoral system to thin 
woody plants in the Chaco is hacking/axing by 
hand. In that way, selection of individual plants is 
stressed and the manager could manage tree 
regeneration, a key issue in forest management. 
However, hand thinning is costly, labor intensive 
and time consuming. Therefore, a mechanized 
alternative should be used. In the Chaco region 
the widely used mechanical treatment is roller- 

chopping. A ‘roller-chopper’ is an iron drum 
with diameter = 1.4 m and width = 2.5 m armed 
with blades. It may be fi lled with 3000 kg of 
water, and it is usually pulled either by a small 
tractor, a four-wheel articulated tractor, or by a 
D4 Caterpillar bulldozer. 

 Roller-chopping serves several purposes: (a) to 
create site availability by specifi cally reducing the 
aboveground structure of shrubs and decreasing 
their competence for resources (also called thin-
ning or clearing in literature); (b) to increase sun-
light availability, (c) to facilitate forage accessibility 
and livestock movements, and (d) to thin the woody 
plant population to an acceptable density. Roller 
chopping should be aimed at controlling shrub 
plants, since they are the main source of problems 
instead of trees. The top soil horizon is slightly dis-
turbed so to seed germination is enhanced. 

 Roller chopping research at the Santiago del 
Estero Experimental Station is aimed at creating 
a park-like vegetation structure, which is more 
suitable for livestock operations than the current 
dense, homogeneous ‘woody state’ (Kunst et al. 
 2003 ,  2012a ). Woody individuals – especially 
trees- with DBH >10–15 cm are left standing in 
different patterns and densities, while at the same 
time shrubs, are crushed and left as debris that 
can degrade naturally, harvested as fi rewood, or 
be burnt. The latter practice should be carefully 
implemented because fi re is extremely soil 
degrading due to the high wood density of the 
Chaco species. After a roller-chopping treatment, 
forage yields and livestock stocking rates usually 
increase due either to the recuperation of the 
native grass species; or by seeding exotic species 
of the genus  Panicum  and  Cenchrus  (Poaceae) 
simultaneously with the roller chopping 
(Ledesma  2006 ).  Panicum  species are summer 
growth perennials which possess the C 4  syn-
drome, and are adapted to shadow. The species of 
choice is usually  Panicum maximum  Jacq. 

 By handling properly the size of the tractor 
and the roller-chopper, especially its length, and 
the number of passes over the standing vegeta-
tion, intensity and severity of the mechanical dis-
turbance could be appropriately planned (Figs. 
 4.3  and  4.4 ). This is the main principle of the 
‘Low Intensity roller-chopping’ (RBI) the 
 technique developed by research personnel of the 
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Santiago del Estero Experimental Station to 
establish a silvopastoral system in the Chaco 
region. Intensity could be associated by the size 
of the machine used for the treatment and the 
number of passes. In RBI, the roller-chopper is 
passed twice, the second pass in 45° angle with 
the fi rst. Severity is assessed by: (a) density and 
DAP of the woody individuals left standing, and 
(b) the amount of woody biomass crushed and 
left as a residue. The assessment and character-
ization of disturbances in forestry has been devel-
oped by Roberts ( 2007 ) and Seidl et al. ( 2011 ). 
The use of carefully planned disturbances in a 
range management context has been already pro-
posed by Fulbright ( 2004 ).

4.4.3         Ecological Sites and RBI 

 Ecosystems are a mix of vegetation patches pro-
duced by climate, landform, soil and disturbance 
regimes. Although the defi nition of ecosystem is 
often arbitrary and not restricted to any particular 
spatial unit or scale, the grouping of their biological 
and physical components in homogenous ecologi-
cal portions (e.g. ecological sites) in order to 

 separate the ecosystem into ecologically meaning-
ful and more tractable units is a practice well estab-
lished in the science of vegetation management for 
several purposes (Kunst et al.  2006 ). Empirical 
observations as well as surveys conducted parallel 
to this research determined that in the Chaco eco-
logical sites generate plant communities that differ 
in physiognomy, and botanical and growth form 
composition. The target plant community (refer-
ence or benchmark vegetation type) should be 
carefully defi ned, and the disturbance regime 
should be defi ned accordingly to meet that target. 
Although the restoration of the original forest and 
savannas may be impractical due to the high costs 
involved, the adequate disturbance regime should 
be tailored for each ecological site (ecosystem) and 
vegetation condition or state, that is its suitability 
for producing goods and services. 

 The implementation of a silvopastoral system 
should be based on an appropriate soil and vege-
tation type inventory of a paddock, ranch or 
region. The choice of method of ecosystem map-
ping and classifi cation; and the level of percep-
tion at which the spatial variation should be 
perceived are key practical questions: research 
has shown that the concept of ecological site is 

Time

Grass yield/Woody cover

D

Grass Woody plants

Return time/Frequency

Severity

D D

  Fig. 4.3    Theoretical basis of the low intensity roller- 
chopping (RBI): dynamics throughout time of the grass 
yield ( broken line ) and its interaction with woody cover 
( continuous line ), severity and frequency of the mechani-
cal disturbance. D stands for the periodical mechanical 
disturbance needed for maintaining the woody cover 

checked, and thus allowing enough grass yield and acces-
sibility for livestock operations. The art and science of 
RBI is based in scheduling an appropriate disturbance 
regime characterized by these two descriptors: magnitude 
of severity ( vertical arrow ) and length of the return time 
( horizontal arrow )       
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  Fig. 4.4    Upland site forest treated with Low intensity 
roller chopping (RBI) and seeded with  Panicum maximum  
cv Gatton. ( a ) Before treatment, December 2006. ( b ) One 

rainfall season after treatment, April 2007. INTA Santiago 
del Estero, La María Experimental ranch       
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quite sound and should be used as another basis 
for the development and implementation of silvo-
pastoral systems in the Chaco. The cartographic 
scale at which the ecological sites should be 
mapped should be >1:50,000.   

4.5     RBI and Resources 

4.5.1     Sunlight Availability 

 In experiments conducted from 1996 to 2002, 
mean sunlight availability in RBI plots was ~40 
% to ~55 % greater than in untreated, control 
plots (930.83 μmol.s −1 .m −1  versus 631 μmol.s −1 .
m −1 ), respectively (p > |t| < 0.0001) (Kunst et al. 
 2012a ). Differences among ecological sites were 
not signifi cant. During 1998–1999, treatment and 
seasonal effects were signifi cant (p > F = 0.0001). 
The mean sunlight availability was 461 μmol.s −1 .
m −1  and 329 μmol.s −1 .m −1  (p > |t| < 0.0002) in the 
treated and control plots respectively (Kunst 
et al.  2012a ).  

4.5.2     RBI, Soil Processes and Soil 
Quality 

 Soil is an essential part of any production system. 
The homogenization of the vegetation into shrub 
thickets does not necessarily mean that soils are 
also degraded, a fact that could confuse manag-
ers. In this section, we will address the effect of 
silvopastoral systems created by RBI on soil 
quality, e.g. dynamics of resources such as water 
availability, organic matter, and the structure and 
functions of soil microbial community. Each eco-
logical site responds to a specifi c disturbance dif-
ferentially; soil quality being essential to quantify 
in the stability and function of the site (Albanesi 
et al.  2014 ). 

  Water infi ltration   .  Woody canopies intercept 
rainwater, decreasing the kinetic energy of the 
raindrop that facilitates water infi ltration into the 
soil (Haworth and McPherson  1994 ; Binkley and 
Giardina  1998 ; Serrato and Díaz  1998 ; 
Wainwright et al.  1999 ). The rainfall intercepted 

by the canopy of forest and shrub thickets of the 
Chaco may amount to 20 % of the annual rainfall 
(Acuña and Juarez  2001 ). If a part of the woody 
canopy is crushed by RBI mechanical treatments, 
the soil infi ltration rate proper becomes a key 
issue in the local hydrologic cycle. Kunst et al. 
( 2003 ) assessed soil water infi ltration in RBI 
treated plots. Results suggested that the litter of 
woody species generated by the roller-chopper 
signifi cantly affected infi ltration (p = F < 0.05, 
Fig.  4.5 ). This result suggests the importance of 
keeping trees and shrubs in the Chaco, giving 
support for the development of silvopastoral 
systems.

    Soil moisture dynamics . In RBI treated plots, 
soil moisture followed the seasonal rainfall pat-
tern. There was an increase of the mean soil 
moisture (%) of the upper soil horizon 
 immediately after the treatment when compared 
to control plots and deep soil horizons (Kunst 
et al.  2012a ). However, this increase was not sta-
tistically signifi cant, and only lasted ~2 weeks 
after the treatments were applied. Afterwards, the 
temporal pattern of soil moisture was similar for 
both controls and treated plots (Kunst et al. 
 2012a ). The effect of ecological site on soil mois-
ture was statistically signifi cant in experiments 
conducted from 1996 to 2002 (p > F = 0.0946) 
and from 2002 to 2006 (p > F = 0.0414), respec-
tively, despite the large temporal and spatial vari-
ation considered. Lowland sites presented the 
highest mean soil moisture when compared to the 
other sites, irrespective of treatment (Kunst et al. 
 2012a ). This short term effect of roller-chopping 
on soil moisture has been also reported by Galera 
( 1990 ) in the arid of the Chaco. 

  RBI and soil processes   .  The effect of RBI on 
soil processes depends on the ecological site 
(Anriquez et al.  2005 ). Here we present and dis-
cuss effects on upland and midland sites:

   In secondary forests in upland sites, soil bulk den-
sity was not affected 5 years after being treated 
with RBI and rotational grazing (Table  4.1 , 
Albanesi et al.  2013 ). This result suggests that 
water and air movement in the soil were not 
reduced. In the same plots, the soil total organic 

C. Kunst et al.



73

carbon (TOC), particulate organic carbon 
(POC), microbial carbon biomass (MBC), and 
the ratio MBC:TOC were not affected by treat-
ments (Table  4.1 ). These results were attributed 
to the woody residues crushed by the roller 
chopper and left for decomposition, mainly 
composed by branches and leaves. If  Panicum  
grass was seeded, its roots were probably 
quickly degraded and incorporated into the soil.

      However, rotational cattle grazing, (grazing in 
winter and resting in summer) decreased TOC, 
POC and the ratio MBC:TOC, likely due to the 
loss of plants tissues being consumed by the ani-
mals (Taddese et al.  2002 ). On the other hand, the 
level of total nitrogen (TN) increased, a fact 
attributed to addition of Nitrogen and Phosphorus 
via faeces, as it has been reported for silvopasto-
ral systems in other world ecosystems (Nyakatawa 
et al.  2012 ). 

 Plant litter plays a significant role in the 
dynamics of soil carbon in silvopastoral sys-
tems, since the soil retains more C than the 
plants (Kumada et al.  2008 ). In RBI plots, 
woody cover, especially that of trees, had a 
significant effect. TOC and POC decreased as 
the distance to the main bole of a tree 
increased, probably due as response to gradi-
ent of litter accumulation (Fig.  4.6 ). This 
result suggests that in a silvopastoral system is 
essential that tree canopies overlap, because 
this cover provides litter rich in carbon (Ng 
et al.  2014 ). This effect depends on the spe-
cies: under  Z. mistol , TOC content was higher 
than under the canopy of  A. quebracho blanco  
and  S. lorentzii . Z. mistol  produce between 16 
and 64 % more litter than the other two species 
(Fig.  4.6 ).

   The microbial metabolic quotient (qCO 2 ) 
increased, a fact suggesting some stress that 
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  Fig. 4.5    Mean basic soil infi ltration rates 
(mm*h −1 ) in Low intensity roller chopping 
(RBI) plots according to type of litter 
estimated by the Kostiakov equation. INTA 
Santiago del Estero, La María Experimental 
Ranch. Means within sites followed by the 
same letter are not signifi cantly different, 
Duncan test, α = 0.05 (Kunst et al.  2003 )       

     Table 4.1    Mean soil bulk density, total organic carbon 
(TOC), particulate organic carbon (POC), total nitrogen 
(TN), microbial biomass carbon (MBC), ratio MBC:TOC 
and metabolic quotient (qCO 2 ) at a soil depth 0–15 cm, in 

a “Low intensity roller chopping” (RBI) experiment 
(2006–2012). INTA Santiago del Estero Experimental 
Research Station, La María Experimental Ranch 
(Albanesi et al.  2013 )   

 BA (gr soil 
cm −3 ) 

 TOC (g C 
kg −1  soil) 

 POC (g C 
kg −1  soil) 

 TN (g N 
kg −1  soil) 

 MBC (ug C g 
suelo −1 )  MBC:TOC (%)  qCO 2  

 Control  0.84 a 1   30.10 b  25.37 b  2.24 a  226.07 b  0.58 a  0.26 ab 

 RBI  0.84 a  28.77 b  24.14 b  2.72 a  167.63 b  0.55 a  0.28 ab 

 RBI plus 
cattle grazing 

 0.87 a  22.94 a  18.91 a  2.11 a  91.84 a  0.37 a  0.46 b 

   1 α = 0.05  
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decreases the water use effi ciency of soil micro-
organisms (Table  4.1 ). 

 RBI keeps the majority of the tree individuals 
standing. This fact likely maintains a higher magni-
tude of the fractions of soil carbon of fast mineral-
ization, increases the soil mineralization rate (kc), 
as well as the activity of the microbial population 
involved in the initial degradation of SOM. This 
fi nding is supported by the high activity showed by 
the dehydrogenase enzyme (Anriquez et al.  2005 ). 

 In midland sites, RBI and the seeding of 
 Panicum  decreased the carbon stock available for 
mineralization in the short term (C 0 ) while the 
mineralization rate (kc) increased (Table  4.2 ). 
The midland site has usually less TOC and POC 
of fast mineralization than the upland site. These 
facts suggest that the grazing management of 
exotic species in a silvopastoral system in this 
site should be carefully planned because a small 
magnitude of C 0  coupled with a fast mineraliza-
tion rate could increase the loss of SOC.

    Genetic diversity in microbial communi-
ties . Research conducted during 5 years both in 
the central (humid) and western Chaco (semi-
arid) suggests that climate and soil type rather 
than silvopastoral management infl uence the 
structure of soil bacterial communities. In the 
western Chaco, results indicate that RBI, by 
modifying their habitat, alters the species compo-
sition of soil bacteria 1 year post disturbance. 
However, initial species composition was re- 
established 5 years after the disturbance (Albanesi 
et al.  2013 ). In the central Chaco, trends were 
similar, although the difference in bacterial 
genetic diversity (distance of the fi ngerprint pro-
fi les) between RBI treated plots and controls was 
lower than in the western Chaco (Fig.  4.7a ). 
These results agree with studies reporting that 
changes in bacterial communities are driven 
mainly by modifi cation of the plant communities 
(Lupatini et al.  2013 ). The addition of plant resi-
dues resulting from the initial crushing of the 
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  Fig. 4.6    Effects of Low intensity roller chopping (RBI) 
on total soil C ( entire bar ) and particulate organic carbon 
( shaded in grey ) at 0–15 cm soil depth (g C kg −1  of dry 
soil), average 2007–2012, at different distances from the 
tree trunk. INTA Santiago del Estero Experimental 
Station, La María Experimental Ranch. References: RBI 
con pastoreo = RBI plus seeding of  Panicum  and grazing; 

 RBI  = RBI with seeding of  Panicum  but no grazing; 
 Control : no treatments.  M :  Zyziphus mistol ;  Qb : 
 Aspidosperma quebracho blanco ;  Qc :  Schinopsis lorent-
zii . Distances:  1  = 0.50 m from the tree trunk;  2  = under 
tree canopy; and  3  = tree canopy border (Adapted from 
Albanesi et al.  2013 )       

   Table 4.2    Mean potential mineralizable Carbon (C 0 ), 
carbon mineralization rate (kc), and dehidrogenase activ-
ity (Dh-asa) at 0–15 cm soil depth observed in a “Low 

intensity roller chopping” (RBI) experiment observed 
between 1999 and 2003   

 C 0  (mg C kg −1  soil)  kc (mg C kg −1  soil day −1 )  Dh-asa (mg TPF kg −1  de suelo h −1 ) 

 Sitios ecológicos 

 UP  MD  LL  UP  MD  LL  UP  MD  LL 

 Control  384.4  344.2  338.7  0.040  0.054  0.019  96.8  103.9  119.3 

 RBI  454.1  290.1  386.7  0.027  0.064  0.025  96.1  95.2  134.2 

  References: Ecological sites:  UP  upland,  MD  Midland,  LL  lowland. Treatments: Control, no treatment; RBI: low inten-
sity roller chopping with seeding of  Panicum  (Albanesi et al.  2013 )  
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woody plant represents a signifi cant C input to 
the soil, and 1 year after application of RBI bac-
terial communities were still affected by this fact. 
According to Ng et al. ( 2014 ) there is a direct 
relationship between C composition and the 
structure of soil bacterial communities. These 
results suggest that native bacterial populations 
have a great tolerance to change in environmental 

conditions, and also that RBI has, in fact, low 
impact on them. In conclusion, RBI does not sig-
nifi cantly affect the diversity of soil bacteria.

   Fungal communities, as revealed by rDNA 
18S T-RFLP technique, are also distributed 
according to climate and soil type. However, RBI 
promotes fungal communities different from 
controls as measured by the distance of fi nger-
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  Fig. 4.7    Dendrograms using ward distance of ( a ) ADNr 
16S-DGGE profi les using Bionumerics software, ( b ) 
using ADNr 18S-TRFLP profi les, and ( c ) community- 
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print profi les, being these changes statistically 
signifi cant in the western rather than in the cen-
tral Chaco (Fig.  4.7b ), i. e. indicating that fungal 
communities are more sensitive than bacteria to 
soil changes promoted by RBI. Soil functional 
diversity from 31 different carbon sources as esti-
mated by the level of physiologic profi les of the 
community by using BIOLOG MicroEcoPlate 
show that there is a signifi cant difference between 
the central and western Chaco (Fig.  4.7c ). This 
result indicates that changes in microbial genetic 
diversity generated by RBI produced no changes 
in soil functionality.  

4.5.3     RBI and Herbage Dynamics, 
Forage Yields 
and Stocking Rates  

 In a silvopastoral system developed by RBI, the 
source of forage is native species if the mechani-
cal treatment is used to crush only the shrub com-
ponent. However, as stated, tropical grass species 
such as  Panicum  and  Cenchrus  are seeded simul-
taneously with the RBI treatment (Fig.  4.4 ). 

  RBI and native species   .  Usually, native grass 
species presented a higher mean germination in 
RBI than in controls (p > F < 0.001, Kunst et al. 
 2012a ). The largest mean germination of native 
grass species occurs in the midland and lowland 
sites. Across the landscape, the genera  Setaria  
and  Gouinia  dominate in the upland site, while 
 Trichloris plurifl ora  and  Pappophorum  spp. 
occur in the midland and upland site, respectively 
(Kunst et al.  2008 ). Germination of broadleaf 
herbaceous and woody species was also higher 
for the RBI plots than for the controls 
(p > F < 0.001 and p > F = 0.0312, respectively). 
Nevertheless, germination of both life forms may 
be observed only in the fi rst season after applica-
tion of roller-chopping. 

 The recruitment of new individuals by germi-
nation was relevant only in the case of native 
grasses: forb species changed the botanical com-
position for a while, but after two growing sea-
sons, the herbaceous stratum was dominated by 
grasses. Few small plants of woody species sur-
vived up to the second season. 

 The improvement in grass standing crop asso-
ciated to native species may last for 4–5 years 
and reach an average of 3000–5000 kg dry matter 
(DM)*ha −1 , representing a stocking rate of 3–5 
ha*AU −1  (Kunst et al.  2003 ,  2008 ,  2012a ). 

  RBI and   Panicum . Although  Panicum  may 
germinate in all ecological sites, after a few years 
it only survives in the upland ecological site in 
RBI, probably due to the tree shading effects. 
 Panicum  annual yield in RBI is estimated as 
5000–8000 kg DM*ha −1 , an order of magnitude 
higher than the standing crop of native pastures 
(Kunst et al.  2012d ,  2014 ). This response allowed 
for an increase in stocking rate from 10–20 
ha*UG −1  to 1–2 ha*UG −1 . Between 2006 and 
2011 the annual standing crop (BMA) and the 
dynamics of plant density (DEN) of  Panicum 
maximum  cv Gatton panic was assessed in a RBI 
treated forest. Average standing crop of  Panicum  
was 4430 kg DM*ha −1 , when the roller-chopped 
was passed twice and 3329 kg DM*ha −1  when 
passed once (P > F = 0,0012). At pasture estab-
lishment, DEN was positively and signifi cantly 
infl uenced by tree cover (P > F = 0,001). DEN 
diminished throughout time, but it kept an accept-
able magnitude (~6 pl*m −2 , Kunst not published). 
This evidence suggests that RBI is an adequate 
practice to develop silvopastoral systems in the 
Chaco region.   

4.6     RBI and Forest Management 

 In the western Chaco, climate is semiarid and 
forests are uneven-aged (Araujo  2003 ). Provincial 
laws state that forest harvest should be regulated 
based using single tree selection: therefore DBh 
classes should resemble an inverse-J curve, and 
an appropriate q-value 2  should be used in order to 
obtain a ‘balanced uneven aged forest’. This 
management approach requires meeting some 
minimum criteria for sustainability, as follows:

2   Q-value is a constant associated to the BDq approach for 
managing forest structure and refers to the distribution of 
growing stock Large q values retain more trees than 
smaller (BC  2003 ). 
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    (a)    intensity and frequency of logging should be 
regulated in order to be lower than the forest 
growth rate and maintain ecosystem 
services,   

   (b)    forest structure should be balanced, applying 
selection criteria in all size classes, with a 
q-value greater than 1.3 (for 5 cm DBH 
classes), and   

   (c)    regeneration events should be promoted, at 
least three times in the life-span of target spe-
cies selected for management.    

  In the western Chaco, tree growth rates 
range from 1 to 1.5 tn*ha −1 .year −1  (Obst et al. 
 2007 ). Harvesting should be applied with fre-
quencies of 15–20 years. Research in treated 
plots showed that trees under RBI and a har-
vesting program presented a relative growth 58 
% greater than the observed in control plots 
(Navall  2012b , Fig.  4.8 ).

   Other important interactions occur when dis-
turbances are combined in a silvopastoral sys-
tem. The return of RBI is needed to keep brush 
strata under an appropriate threshold so live-
stock transit and forage accessibility are not 
hampered (disturbance regime). In order to min-
imize negative interactions among the distur-
bances applied for managing a silvopastoral 
system based on RBI, the following plan was 
developed:

    (a)    Roller-chopping intensity, especially the ini-
tial treatment was reduced compared with 
the traditional magnitude, and its frequency 
increased, in order to minimize its effect on 
the forest structure. Signifi cant increases in 
forage yield could be addressed by 
RBI. Research suggest that tree damage by 
RBI represents less than 8 % of the basal area 
of trees damaged compared with controls, 
mainly in smaller dbh classes (Gómez and 
Navall  2008 ). This research found that only 
17.4 % of trees from 0.25 to 1.3 m height 
remain without damage after roller- chopping. 
However, the density of remaining individu-
als in this class was four times the required to 
keep a balanced structure (Fig.  4.9 ).

       (b)    Improvement of visibility and accessibility 
generated by RBI, are synergic with forestry 
operations, like tree selection, marking, har-
vesting and extraction (Navall and Cassino 
 2009 ; Navall et al.  2013a ,  b  and  c ).   

   (c)    Grazing exclosures were incorporated after 
each forest harvesting (every 20 years), to 
promote a natural regeneration pulse, taking 
advantage of available resources generated 
by tree thinning (Navall  2011 ). Regeneration 
was monitored prior to subsequent RBI 
treatments.   

   (d)    Maintenance of tree structure was able to 
sustain key environmental services, such as 
wildlife habitat (Coria et al.  2012 ) and litter 
fall. Low impact roller-chopping plus 30 % 
reduction of basal area by harvesting reduced 
litter fall from 2440 to 1607 Kg DM*ha −1  
compared with the control. More intensive 
harvesting treatments could endanger these 
environmental services (Navall  2012b ).   

  Fig. 4.8    Effects of Low intensity roller chopping (RBI) 
in trees: mean basal area growth expressed in percent of 
initial, pre-RBI basal area (%) after 4-years of treatment 
(2006–2010). References: Treatments:  R1 : RBI with one 
pass of roller-chopper;  R2 : RBI with two passes of roller- 
chopper;  TE : controls,  CC : with timber harvesting (30 % 
of initial basal area) and  SC : without timber harvesting. 
INTA Santiago del Estero Experimental Station, La María 
Experimental Ranch       

 

4 Silvopastoral Systems in the Western Chaco Region, Argentina



78

   (e)    An appropriate rotation of forest, grazing and 
RBI treatments over time and space was 
designed (Navall  2011 ); and   

   (f)    The added value to forest products improved 
revenue. The use of branches of low quality 
wood as fi rewood was an appropriate mea-
sure (Navall et al.  2013c ; Cassino et al. 
 2013 ).      

4.7     Shrub Control 
in a Silvopastoral Systems 
Created by RBI 

 An important aspect in silvopastoral systems is 
their longevity related to the shrub stratum 
(Heitchmidt and Pieper  1983 ; Noble et al.  2005 ; 
Gifford and Howden  2001 ), since shrub regrowth 
severely hampers the transit of livestock and per-
sonnel. Longevity estimates how long the disrup-
tion caused by the disturbance used to create the 
silvopastoral system will last. Cattlemen in the 
Chaco have reported that the average longevity of 
a traditional, severe roller chopper treatment is 3 
years (Casas et al.  1978 ), an interval at odds with 

the conservation of forest species, especially with 
their advance regeneration (Gómez and Navall 
 2008 ; Gómez et al.  2009 ). 

 Accessibility was assessed at the end of two 
RBI experiments conducted between 1996 and 
2002 as the area of an imaginary plane of 10 m 2  
intercepted by woody plants (Kunst et al. 
 2012a ). Treatment effect was somewhat incon-
clusive, since it was statistically signifi cant 
only in one experiment (p > F = 0.009) while not 
signifi cant in the other (p > F = 0.21). Mean 
accessibility was higher when prescribed fi re 
was used; but there was an ecological site 
effect: in the upland and midland site, where 
the majority of large trees were left standing, 
mean accessibility was high. This suggests a 
competition effect of large trees on shrubs. The 
longevity of the treatment is directly associated 
to accessibility: between 2006 and 2012, RBI 
treated plots showed a longevity of at least 6 
years, a more appropriate return interval for a 
sustainable silvopastoral system (Kunst et al. 
 2012a ,  e , Fig.  4.10 ).

   In a RBI experiment assessed between 2006 
and 2011 the volume growth of three native brush 

  Fig. 4.9    Tree frequencies by DBH classes in Low inten-
sity roller chopping (RBI) treated plots: pre-harvesting 
( bars ) and designed post-harvesting ( diamonds ), for a q 
value = 1.3 and G = 8.9 and a fi nal DBH = 40 cm. 

Harvesting intensity 30 % of initial BA. Class “0” repre-
sents trees from 0.25 to 1.3 m height. INTA EEA Santiago 
del Estero Experimental Station, La Maria Experimental 
Ranch       
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  Fig. 4.10    Mean accessibility 
(%) estimated at the end of 
Low intensity roller chopping 
(RBI) experiments, sorted by 
treatment and range sites. ( a ) 
Exp. 1, 1996–2002; ( b ) Exp. 2. 
 White bar  = upland site; 
 shaded bar  = midland site; 
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Within a treatment, different 
 letters  indicate signifi cant 
differences, Duncan test, 
α = 0.05.  Error bars  represent 
spatial variation within a 
treatment, fi ve sampling 
stations by ecological site. 
INTA EEA Santiago del Estero 
Experimental Station, La 
Maria Experimental Ranch 
(Adapted from Kunst et al. 
 2012a )       
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species: A cacia furcaptispina ,  Capparis 
atamisquea  and  Celtis spinosa  treated by two dif-
ferent intensities of roller-chopping with the 
objective of estimating the return time of initial 
disturbance and characterize the optimum distur-
bance regime (Kunst et al.  2009 ,  2012c ). Results 
suggest that 5 years after the initial treatment, 
30–50 % of the initial volume was reached, far 
exceeding the 3 years presented in the local lit-
erature for mechanical treatments (Fig.  4.11 ).  A. 
furcatispina w as the species with the largest 
increase in volume throughout time.

4.8        Plant Species Diversity in RBI 

 Roller chopping is regarded with suspicion by 
some traditional, classical foresters and ecolo-
gists that contend that it is a non-selective, struc-
tural manipulation intended to reduce woody 
plant frequency, and that simplifi es vegetation 
(Fulbright  2004 ). An ecosystem maintains its 
integrity when it presents its characteristic spe-
cies composition (~ diversity) or its ‘reference 
composition’, and in that way maintains its func-
tionality (SER  2004 ; Ruiz Jaén and Mitchell 
Aide  2005 ). Diversity is a multifaceted concept 
that considers species richness and dominance, 
spatial scale (diversities α, β and γ) and time 
(Sheil and Burslem  2003 ; Brudvig  2010 ). 
Mechanical treatments affect botanical diversity 
by modifying vegetation structure and resource 
availability (Nolte et al.  1994 ). Besides,  Panicum  
species are considered invasive, limiting resource 
availability (Williams and Baruch  2000 ). 

 The effect of RBI on vegetation diversity was 
analyzed using two approaches. First, we applied 
multi-response permutation procedure (MRPP) 
to assess similarities in botanical composition 
(frequency, %, of woody, forb and grass species) 
among RBI plots and controls, using treatment, 
years since initial treatment, and ecological sites 
as grouping factors (Kunst et al.  2012a ). The 
Bray-Curtis coeffi cient was used to calculate a 
distance matrix (Bray and Curtis  1957 ; McCune 
and Grace  2002 ), and a weighted mean within 
group distance (δ) was calculated for the selected 

groups. A third step was the calculation of the 
difference between the observed and expected δ 
for each group. In RBI experiments conducted 
between 1996 and 2002, differences among 
observed and expected δ were larger and statisti-
cally signifi cant when species frequencies were 
grouped according to ecological site rather than 
by years since initial treatment (time) and treat-
ment, This result supports the idea that differ-
ences in species composition for shrub, forb and 
grass strata are strongly infl uenced by ecological 
site. 

 The second approach was to estimate H′, the 
Shannon index at the α and γ levels (Kunst et al. 
 2012b ,  c ). In two experiments conducted between 
1996 and 2002, H′ was used as dependent vari-
able in ANOVA with repeated measures and 
treatment, years since initial treatment (time) as 
covariable, and ecological site and their interac-
tions as independent variables. Treatments were: 
RBI without seeding (RR); RBI with seeding of 
 Panicum maximum  cv green panic (RS); and RBI 
followed by prescribed fi re (RF), and controls. 
Treatment effect was not signifi cant at the γ level, 
while time and site*treatment showed a signifi -
cant effect of on H′ (p > F = 0.05).The upland site 
presented the largest α diversity, while the low-
land the lowest α when compared to controls. RR 
and RF increased α diversity in the upland, while 
there were no differences in the lowland and mid-
land sites. These results are attributed to the low 
mortality of woody species and to the increase of 
grass and forbs as a result of RBI. RBI does not 
affect the plant γ diversity of the Chaco ecosys-
tem when intensity and severity of the distur-
bances are medium, but the interaction between 
site and treatment should be fully explored to 
assess the effect of roller-chopping on α diversity 
(Fig.  4.12 ).

   In the upland site, forest richness was esti-
mated by the number of species present and dom-
inance (evenness) by the index D = (1 – Simpson 
index). Species richness increased and D 
decreased in RR and RF compared to Controls. 
Abundance of grass species increased in RR and 
RF, but forb abundance diminished. In RS, D 
increased, likely because of the seeding of Green 
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panic. These effects could be considered positive 
for livestock operations and neutral for the timber 
operations.  

4.9     RBI and Wildlife Habitats 

 Wildlife diversity in terrestrial neotropical habi-
tats such as those of the western Chaco is deter-
mined by local factors such as vegetation 
structure (cover of dead woody material standing 
and on soil surface, litter, herbaceous, shrub and 
tree species) and fl oristic composition (Ojasti 
 2000 ). Wildlife assessments in the upland eco-
logical site indicate that RBI retains much of 
these attributes. Habitat evolution from the time 
when the disturbance is applied is synthesized as 
follows (Kunst et al.  2008 ,  2012b ,  c , Table  4.3 ):
•     The main effect of RBI is the generation of 

open woody communities/parklands that tend 
to close their canopy over time, mainly due to 
the recovery of the shrub stratum. The struc-
tural complexity is preserved (i.e. no cover is 
reduced).  

•   Some strata may reduce initially their cover, 
especially the shrub and herbaceous strata. 
However, they show a good rate of recovery: 
there is no difference between RBI treated 
plots and controls within 7 years.  

•   Litter cover is reduced relatively very little.  

•   A considerable amount of woody debris is 
generated, but by removing the medium and 
high diameter materials for use as fi rewood, 
the original levels are restored within a maxi-
mum period of 7 years.  

•   The botanical composition of woody species 
does not change. However,  Panicum  becomes 
increasingly dominant where it was planted 
(>37 %).    

 These changes may be assessed as globally 
“mild”, and from a wildlife management stand-
point, it can be predicted that RBI treated pad-
docks would have a high capacity to support a 
diversity of wildlife. This specifi c hypothesis was 
tested by assessing diversity of birds, reptiles and 
amphibians in the same forests treated with RBI 
(see Table  4.3 ). Results were consistent with the 
stated hypothesis, and in no case was a loss of 
diversity detected (Table  4.4 ). There was even an 
increase of bird diversity in the oldest treatment. 
However, habitat assessments in large areas 
treated with RBI are required to support the 
hypothesis more conclusively. Additional studies 
are also required to assess the consequences of 
the introduction of exotic pasture. However, 
results are supported in part by the regional study 
of Mastrangelo and Gavin ( 2012 ) who reported 
that low intensity silvopastoral systems retained 
most of the bird species of the forest.
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  Fig. 4.12    Effect of Low intensity roller 
chopping (RBI) in plant species diversity, as 
estimated by the Shannon index (H′) in three 
ecological sites of the western Chaco region. 
INTA Santiago del Estero Experimental 
Research Station, La María Experimental 
Ranch. Mean H′ calculated from botanical 
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signifi cantly different, Duncan test, α = 0.05 
(Kunst et al.  2012a ,  b ,  c )       
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4.10        RBI and Energy Concerns 

 Roldan Bernhard ( 2012 ) has reported that the 
gross energy requirements between a silvopasto-
ral system developed by RBI and a traditional, 
intensive pastoral system differ. Although most 
of the energy inputs of both systems are made up 
of fossil fuels (27 % versus 36 %, respectively) 
and wire for fencing (36 % and 44 %, respec-
tively), the RBI silvopastoral system remuner-
ated 8.54 times each energy unit invested, while 
the traditional, intensive pastoral returned only 
0.99 energy units. A comparison of the power 
fl ow per unit area of the power dissipated per unit 
of accumulated biomass shows a high degree of 
sustainability of the RBI silvopastoral system, 
since the remuneration remains very close to the 
relationship shown by natural systems around the 
world.  

4.11     Conclusions 
and Management 
Implications 

 Results presented here suggest that the imple-
mentation of silvopastoral systems in the western 
Chaco should be based on: (a) an appropriate 
map of the ecological sites and the current suit-
ability (condition) of the their vegetation for pro-
ducing goods and services, and (b) the defi nition 
of an appropriate disturbance regime, stating 
intensity, severity and frequency of treatments 
and taking into account livestock, wildlife and 
timber production requirements. Success in “eco-
system restoration” for production of good and 
services as well as for conservation is not clearly 
established neither in the Chaco region nor 
worldwide (Zedler  2007 ). However, silvopastoral 
systems seem to be an acceptable option for the 

     Table 4.3    Infl uence of Low intensity roller chopping (RBI) in the structure of a forest of the western Chaco   

 Habitats 

 Variables  Control (n = 14)  Older RBI (n = 10)  Recent RBI (n = 14) 

 Tree cover (%)  55.5 ± 25.1 a   53.7 ± 35.9 a   44.1 ± 27.3 b  (Var. – 20.5 %) 

 Shrub cover (%)  77.6 ± 13.7 a   56.0 ± 16.3 b  (Var. – 27.8 %)  26.7 ± 10.8 c  (Var. – 65.6 %) 

 Herbaceous cover (%)  16.5 ± 21.8 a   10.3 ± 10.6 a   6.12 ± 11.6 b  (Var. – 62.9 %) 

 Litter Cover (%)  78.4 ± 33.6 a   61.6 ± 37.1 b  (Var. – 21.4 %)  68.7 ± 35.9 b  (Var. – 12.4 %) 

 Woody debris volume (m 3 *ha −1 )  19.7 ± 21.7 a   38.0 ± 78.2 a   428.4 ± 262.4 b  (Var. + 2074.6 %) 

  References: Habitat types were: (i) Control: forest with livestock grazing, without logging in the last three decades; (ii) 
Older RBI: 32 ha forest treated with RBI, seeded with  Panicum maximum cv Gatton panic , with livestock grazing and 
30 % of basal area of trees harvested, 7 years since initial treatment; and Recent RBI: 100 ha of forest treated with RBI, 
without seeding of exotic pastures, with livestock grazing, with 30 % of the basal area of trees felled but extracted only 
8.2 %, 1 year since initial treatment 
 Means ± standard deviation. Means with common letters are not signifi cantly different. Parametric one-way ANOVA, 
with data transformed to ranks, p = 0.5. Date of data collection: September 2013 
  a–c α = 0.05  

   Table 4.4    Infl uence of Low intensity roller chopping 
(RBI) in the richness and diversity (Shannon index 
expressed by Weber) of communities of bird, reptiles and 

amphibians species by breeding season, in western Chaco 
forests. Habitat types similar to Table  4.3    

 Wildlife classes  Index  Control (n = 7)  Older RBI (n = 5)  Recent RBI (n = 7)  Overall richness 

 Birds  Richness  38  44  44  54 

 Shannon weaver index  2.7 ± 0,3 a  3.1 ± 0,2 b  2.8 ± 0,1 a 

 Reptiles and 
amphibians 

 Richness  6  Not assessed  6  9 

 Shannon weaver index  1.3 ± 0,4 a  1.1 ± 0,3 a 

  Means ± standard deviation. Means with common letters are not signifi cantly different. Parametric one-way ANOVA, 
p = 0.1. Date of data collection: October–December 2013  
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management of the current native vegetation of 
the western Chaco, where native woody plant 
communities (secondary forests and shrub thick-
ets) dominate, implying that the removal of some 
individuals should be performed. 

 Results shown here suggest that the theoreti-
cal development of such as system should be 
based on disturbance theory, but applied in a con-
text of production-conservation rather than 
exclusively for the latter. An appropriate distur-
bance regime should be proposed (Fig.  4.13 ). 
Intensity and severity of the initial and mainte-
nance disturbance should be of medium magni-
tude. Although machinery has to be used, 
research shown here suggest that the initial and 
later interventions should not be severe or 
extremely severe and be carefully planned. 
Training of operators as well as managers is often 
key to success. Global positioning of treatment 
areas based on resource inventory may aid in the 
accuracy of RBI implementation in the future.

   Since the development of a silvopastoral sys-
tem means that an appropriate disturbance regime 
should defi ned, a key input for implementing the 
system in the fi eld is a detailed ecosystem inven-
tory, so that intensity, severity and frequency are 
specifi cally tailored to meet spatial demands.     
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    Abstract  

  This chapter summarizes the results of research conducted over the past 15 
years and provides management guidelines for the development of silvopasto-
ral systems based on ponderosa pine plantations established on natural grass-
lands in northwestern Patagonia, Argentina. The goals of the studies were to 
generate knowledge for improving environmental and production effi ciency 
in that region. Ecological interactions among the different life forms which 
make up a silvopastoral system (grasses, trees and animals) were studied to 
determine what management system would optimize environmental resource 
sharing. In addition, aspects affecting environmental sustainability of the sys-
tems were analyzed, such as resource use (mainly water use) by silvopastoral 
components and biodiversity patterns. The results suggest that applying silvi-
cultural practices leading to a tree canopy cover level equal to or below 50 % 
is compatible with proper production of natural grassland species, particularly 
the palatable  Festuca pallescens.  Animal rearing should include rotation 
between different areas in this type of system, where partial shade may limit 
grass re-growth compared to open grasslands. However, microclimatic bene-
fi ts of the trees on the animals may be particularly signifi cant, and deserve 
specifi c future research. Currently available information indicates that the 
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studied silvopastoral systems constitute a biologically and environmentally 
sustainable activity in the fragile ecosystem of semiarid Patagonia.  

  Keywords  

  Festuca pallescens   •   Ecological interaction   •   Resource use by silvopastoral 
components  

5.1         Introduction 

 Land-use activities in northwestern (NW) 
Patagonia, Argentina, South America, should 
aim – as everywhere else – at improving environ-
mental and production effi ciency. Traditional 
practices such as extensive livestock raising, 
based on continuous or rotational grazing with 
limited stocking management in the region, have 
resulted, however, in the loss of vegetation cover, 
changes in species abundance leading to reduced 
number of forage species, and an increased pro-
portion of bare soil. This has favored erosion pro-
cesses leading to losses of soil and organic matter 
(León and Aguiar  1985 ; Soriano and Movia 
 1986 ; Paruelo et al.  1993 ). The same husbandry 
practice in areas of native forest or forest-steppe 
ecotone threatens the natural regeneration of 
shrub and tree species as a result of sheep, goat or 
cattle browsing (Veblen and Lorenz  1988 ; Peri 
et al.  2006 ). The logging of native forests, another 
major production activity during modern human 
settlement in NW Patagonia at the beginning of 
twentieth century, has declined gradually due to 
the creation of National Parks, the pressure of a 
society concerned about environmental conser-
vation, and the expansion of “green” tourism 
activity seeking pristine forests and landscapes 
(Laclau  1997 ). Coupled with population growth 
in recent decades, this has caused an increase in 
the demand for timber and timber products in the 
region, which cannot be satisfi ed with native for-
est products. Faced with this reality, national and 
provincial governments have promoted planting 
of fast-growing exotic forest species in Patagonia 
and other regions of Argentina. The aim has been 
to meet increasing timber demand from a fast- 
growing population, while diversifying regional 
production systems by using grassland or shru-
bland sites with different levels of degradation. 

 Despite these national and provincial efforts to 
promote forestry activity over the past four 

decades, however, only 82,000 ha have been 
afforested out of 800,000 ha of land that has rela-
tively high forestry potential available in Patagonia 
(Laclau and Andenmatten  2005 ; Loguercio and 
Deccechis  2006 ). Thus, although forestry has 
been shown to be a profi table and competitive 
activity compared to extensive livestock raising 
(Laclau et al.  2002 ; Laclau and Andenmatten 
 2005 ), only 10 % of the regional potential has 
been achieved, which is far from the original goal. 
The causes underlying this situation are varied 
and complex. Usually, the blame is assigned to the 
prevailing cattle culture in the region. Another 
important factor is the lack of a sustained policy 
framework, with strong fl uctuations in promotion 
systems, and the inherent long term rotations 
(about 35 years or more) of the forestry activity in 
this cold temperate region (Danklmaier  2004 ). 

 The improvement of environmental and pro-
duction effi ciency of Patagonian land-use activi-
ties is critical, and one option is the use of 
silvopastoral systems (SPS) based on plantations 
established on natural grassland in the forest- 
steppe ecotone. One potential advantage of SPS 
is that traditional extensive livestock raising com-
patible with the “new” forestry activity at the 
farm level. Simultaneously, this diversifi cation 
brings quick returns for the forestry investment as 
it generates annual revenues from animal prod-
ucts. The low planting density typical of these 
systems reduces the risk of pest damage by  Sirex 
noctilio  or other insects (Villacide and Corley 
 2012 ), or from fi res. Additionally, this agrofor-
estry system has clear environmental advantages 
over high-density timber plantations. In terms of 
biodiversity, it increases the richness and diver-
sity of fl ora and avifauna (Rusch et al.  2004 ; 
Lantschner et al.  2008 ). Regarding the use of 
water, a critical environmental resource for pri-
mary production in northern Patagonia, SPS con-
sume less water than high-density plantations, 
with water use being similar to natural vegetation 
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systems despite the higher biomass productivities 
(Gyenge et al.  2002 ,  2003 ; Licata et al.  2008 ). 

 The area where SPS could be developed corre-
sponds to the Sub-Andean and Occidental districts 
(38° to 46° 30′S) of the Patagonian phyto-geo-
graphical region with altitudes between 300 and 
1800 m.a.s.l. (Leon et al.  1998 ). This area includes 
the eastern foothills of the Andes Mountains, extra 
Andean Sierras, basaltic plateaus, alluvial and gla-
cier valleys, and hills. As mentioned above, the 
climate is cold temperate, humid towards the 
Andes, with more than 1000 mm annual precipita-
tion, and sub-humid at the eastern extreme 
(400 mm isohyet). Rainfall is concentrated in the 
autumn and winter, leading to dry summers with 
less than 150 mm precipitation during October to 
April (Paruelo et al.  1998 ). Natural meadows are 
dominated by three of the nine vegetated units 
defi ned by Paruelo et al. ( 2004 ): Grass Steppe and 
Grass Shrub Steppe in the periphery of relatively 
high topographic positions (NPP: 300–800 kg DM 
ha −1  year −1 ; CC: 0.5–1.5 PSUE ha −1  year −1 ), and 
Prairie in lower central areas (NPP: 1500–6000 kg 
DM ha −1  year −1 , CC: 2.8–11.3 PSUE ha −1  year −1 ) 
[NPP: Net primary productivity; CC: Carrying 
capacity; PSUE: Patagonian sheep unit equivalent, 
the requirements of 530 kg DM year −1  for 1 
Corriedale ewe of 49 kg of live weight.] 

 Grass Steppes and Grass Shrub Steppes are 
dominated by perennial C3 tussock grasses, 
 Festuca pallescens  and  Pappostipa speciosa , and 
the spaces among tussocks are dominated by 
exotic herbs such as  Taraxacum offi cinale , native 
graminoids such as  Juncus balticus  and  Carex 
gayana , and C3 grasses, especially the exotic  Poa 
pratensis . The major shrub components are the 
native  Nassauvia  sp. and  Berberis  sp. Prairies are 
dominated by the same species found among tus-
socks described above, plus  Phleum pratense  and 
 Holcus lanatus , two C3 exotic grasses and the 
introduced legume  Trifolium repens . 

 Ponderosa pine ( Pinus ponderosa ) has been 
and is still the fastest growing conifer species 
most commonly used in afforestation in NW 
Patagonia. Developing SPS based on this species 
may be feasible if the net balance of biological 
interactions of competition and facilitation with 
natural grassland species is neutral or positive. 
Competition occurs when the component species 
of a system overlap in the use of growth resources 

to the point that the growth, survival and/or 
reproductive success of one or more of them are 
adversely affected (Harper  1990 ). Facilitation 
occurs when one species of the system changes 
the biophysical environment, creating one or 
more conditions favorable to the development of 
the remaining species (Holmgren et al.  1997 ). 
The net result of the interactions will also depend 
on the life stage of the species involved, their 
physiology and the intensity of the stress caused 
by abiotic factors (Callaway and Walker  1997 ). 

 Using the conceptual framework of ecological 
interactions that occur between system compo-
nents, this chapter reviews research results and 
provides management guidelines for SPS based 
on ponderosa pine plantations established on nat-
ural grasslands of NW Patagonia. Suggested man-
agement guidelines are based on ecophysiological 
processes evaluated at individual plant and stand 
levels. On a larger scale, environmental sustain-
ability advantages of this type of production sys-
tem are compared with high-density plantations.  

5.2     Understorey Component 
of Silvopastoral Systems 
in NW Patagonia 

5.2.1     Growth of Patagonian Grasses 
under Pines 

 Silvopastoral systems may have greater yields 
compared to monocultures because of higher 
resource capture and/or facilitation effects of the 
trees on the pastures growing beneath or between 
them (Huang and Xu  1999 ). Many studies have 
reported that, as trees grow, pasture production 
decreases (Kellas et al.  1995 ; Ong and Leakey 
 1999 ) due to high competition for environmental 
resources such as water and radiation. However, 
other results have shown that understorey produc-
tivity can increase under trees under certain circum-
stances (e.g. Belsky  1994 ; Holmgren et al.  1997 ). 

 Trees may improve the water storage capacity 
of soils (Joffre and Rambal  1988 ) and nutrient 
availability (Belsky  1994 ). Moreover, by reducing 
radiation levels beneath them, trees decrease the 
evaporative demand for understorey species 
(Breshears et al.  1997 ; Holmgren et al.  1997 ). Trees 
also buffer extreme temperatures in winter and 
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summer (e.g. Garnier and Roy  1988 ). The net result 
of these effects on understorey productivity will 
depend on species characteristics (Belsky  1994 ; 
Pugnaire et al.  2011 ), and the intensity of adverse 
environmental conditions (Callaway and Walker 
 1997 ; Kikvidze et al.  2012 ; Pugnaire et al.  2011 ). 

 In many temperate regions, radiation is the 
major limiting resource (Kho  2000 ). In these 
regions, opportunities for yield benefi ts by agro-
forestry technologies may exist if other factors, 
such as nutrient and water availability, are more 
limiting for understorey production than radia-
tion is (Kho  2000 ). In the same way, in a given 
environment, water may be a more limiting 
resource for one species than for another. Thus, 
species more vulnerable to soil water defi cits 
might be more able to take advantage of improve-
ment in water conditions under trees than 
drought-tolerant species are. 

 Grasslands in NW Patagonia are commonly 
dominated by tussock grasses of the genera  Poa , 
 Pappostipa  and  Festuca . Some of them co-exist at 

several sites, but due to their different stress toler-
ance, sometimes they occupy different niches 
within an ecosystem.  Pappostipa speciosa  is a 
heliophilous drought-resistant species (Nicora 
 1978 ), whereas  Festuca pallescens  is more drought-
sensitive (Nicora  1978 ; Fernández  2003 ). Thus, it 
is expected that these two species may respond dif-
ferentially to the presence of tree canopy cover. 

 Studies carried out at the plant level, i.e., mea-
suring periodically the number of tillers and the 
amount and length of green leaves, showed that, 
as hypothesized based on Kho’s ( 2000 ) model of 
relative limiting resources, the relative growth of 
 P. speciosa  decreased rapidly and linearly with 
increasing tree canopy cover (Fernández et al. 
 2002 ), whereas the growth of  F. pallescens  is 
maintained until tree canopy cover level is around 
60–70 %, and then decreases signifi cantly 
(Fernández et al.  2006a ; Caballé  2013 ). At those 
canopy cover levels, the radiation that reaches the 
understorey throughout the day during the grow-
ing season was around 45–55 % (Fig.  5.1 ) rela-

  Fig. 5.1    Silvopastoral system based on 
natural grassland and ponderosa pine with 
350 trees ha −1  at 21 years old. The radiation 
that reaches the understorey throughout the 
day during the growing season (October to 
April) was around 45–55 % relative to open 
grassland       
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tive to open grassland, whereas it decreased to 
30 % (Fig.  5.2 ) or less in the more dense situa-
tion, where grass growth was signifi cantly 
affected (Fernández et al.  2006a ; Caballé  2013 ).

    In  P. speciosa , the most negatively affected 
growth variable under shade was tillering. 
Maximum tiller production – recorded in early 
autumn- was statistically similar (but lower on 
average) to open areas up to a canopy cover level 
of around 45 % (Fernández et al.  2002 ). However, 
net tillering was negative (i.e. more tillers die at 
each time than new tillers appear) or nil during 
most of the growing season under tree canopy 
cover levels between 25 and 60 % (Fernández 
et al.  2002 ). On the other hand, despite its lower 
impact on whole plant growth, the mean number 
of green leaves per tiller also decreases under 
shade conditions in  P. speciosa  as well as in  F. 
pallescens , whereas tiller height and maximum 

leaf length tend to increase under moderate shade 
levels in both species (Fernández et al.  2002 , 
 2006a ) probably due to etiolation. Thus, on sites 
where the two species normally coexist, the 
reduced growth of  P. speciosa  plants under SPS, 
results in the species being replaced in favor of  F. 
pallescens  (Fernández et al.  2005 ). 

 Ecologically therefore, the net effects of trees 
on  P. speciosa  growth is negative (net competi-
tion) even when some positive effects on its water 
status have being detected (Fernández et al.  2002 , 
see below). Radiation is the most limiting growth 
resource for this drought tolerant species, and 
therefore light competition by the trees domi-
nates this particular tree-grass interactions. 

 In contrast, the net balance of tree interactions 
on growth of the fairly shade-tolerant  F. palles-
cens  may be nil or positive up to quite high tree 
canopy cover levels (Fig.  5.3 ). This is most 

  Fig. 5.2    Silvopastoral system based on natural grassland 
and ponderosa pine with 500 trees ha −1  at 21 years old. 
The radiation that reached the understorey throughout the 

day during the growing season (October to April) was 
≤30 % relative to open grassland       
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noticeable between tree crowns compared to 
beneath crown positions, where tree shade is 
quite high and competition for soil water between 
species is quite low (Fernández et al.  2006a , 
 2007 ; see next section). In addition, the positive 
net effects of trees on grasses are more pro-
nounced in wet seasons or humid periods within 
the whole growing season (such as early spring) 
(Fernández et al.  2007 ; Caballé  2013 ).

   These results suggest that  F. pallescens  could 
be a major species for the development of SPS 
with ponderosa pine in NW Patagonia. Further, 
this species often makes up over 20 % of most 
livestock diet and is widely distributed in the 
forest- steppe ecotone zone (Pelliza Sbriller et al. 
 1984 ; Bonino et al.  1986 ; Caballé et al.  2009 ; 
Bertiller and Defosse  1990 ; Somlo  1997 ).  

5.2.2     Ecophysiology of Patagonian 
Grasses Growing 
under Ponderosa Pine 

 One of the main biological hypotheses for SPS is 
that trees ameliorate grass water-stress under their 
canopies due to reduced evaporative demand, and 
that this effect is higher than potential competi-
tion for soil water and reduced soil water content 
from increased rain interception. If this is true, 
even when soil water content may be lower under 
the tree canopy cover than in open grasslands, 
pre-dawn water potential should be higher (less 
negative) in grasses growing under or between 
trees than in the open areas: stomatal conductance 
should also be higher at times of high evaporative 
demand such as midday or early afternoon. 

 Pre-dawn water potential, a measure of plant 
water status, has been measured in grasses grow-
ing in a wide range of pine canopy cover and cli-
matic conditions during several growing seasons. 
This parameter showed different trends depend-
ing on tree canopy cover level, position of the 
grass with respect to the tree, soil water availabil-
ity and period during the growing season. 
However, even though there is less information 
available on  P. speciosa  than on  F. pallescens , 
both species presented similar patterns of pre- 
dawn water status (Fernández  2003 ). Generally a 
neutral or a positive effect of trees on the pre- 
dawn water potential of grasses was detected, and 
when present, the positive effect increased with 
tree canopy cover. However, this positive effect 
was restricted to periods of relatively high soil 
water content (i.e. to early spring or in seasons 
with higher than the average rainfall) (Fernández 
et al.  2007 ; Caballé  2013 ). In dry seasons – com-
pared to average climatic conditions – and during 
periods of prolonged low soil water content 
(below 13 % by vol) and high evaporative demand, 
pre-dawn water potential of grasses growing in 
SPS was lower than in the open grassland, refl ect-
ing a negative effect of the trees on grass water 
status (Fernández et al.  2007 ; Caballé  2013 ). 
These effects might be related to direct competi-
tion for limited soil water between trees and 

  Fig. 5.3    Relative growth (dimensionless value, mean and 
SE  vertical lines ) of  Festuca pallescens  as a function of 
the proportion of ponderosa pine canopy openness or vis-
ible sky (%, mean of a class in  horizontal lines ). The rela-
tive growth expresses the ratio between the growth at the 
peak production period and the initial value (beginning of 
the growing season, October). The values 30 and 70 % of 
visible sky indicate the range of the tree canopy cover 
where the growth of  F. pallescens  is reasonable (see text 
for references)       
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grasses (Fernández et al.  2008 ) with or without 
signifi cant differences in soil water availability 
between SPS and grassland (Fernández et al. 
 2007 ; Caballé  2013 ). Studies with stable isotopes 
of H and O have indicated that  F. pallescens  tus-
socks extract >80 % of their water from the upper 
20 cm of soil, despite them rooting to more than 
100 cm, throughout the growing season, and P. 
ponderosa trees in SPS use a low, though signifi -
cant fraction (about 20 % of its total water use) of 
water from this shallow soil level, particularly 
during the spring (Fernández et al.  2008 ). This 
leads to some competition for soil water during 
the most active growth period in both species. 

 A study of the relative spatial distribution of 
the trees and grasses found that at a mean canopy 
cover of 50–70 %, the radiation level and soil 
water competition differ for grasses under the 
tree crowns compared to the midpoint between 
tree crowns (Fernández et al.  2006a ,  2007 ). Due 
to the high latitude of the Patagonian region, tree 
shadows are often displaced – particularly if trees 
are pruned and their crowns are mostly concen-
trated in the upper third of the tree – so that the 
between-tree area is more shaded than those 
beneath the vertical projection of the crown 
(Fernández  2003 ). Thus, for a fairly shade- 
tolerant and drought-sensitive species such as  F. 
pallescens , the position between tree crowns is 
the most suitable for its growth. This is due to 
both reduced evaporative demand, as a result of 
higher shade levels, plus reduced direct competi-
tion for soil water with trees, particularly when 
this is a limiting resource in late spring or sum-
mer (Fernández et al.  2007 ). 

 During a sunny day in the growing season, the 
lower evaporative demand under trees was sig-
nifi cantly refl ected in leaf transpiration of the 
grasses. This was lower under high tree canopy 
cover than in the open grassland, with intermedi-
ate values in SPS with relatively low canopy 
cover (Fernández et al.  2006a ). Stomatal conduc-
tance did not show any clear instantaneous 
response to radiation level (Fernández et al. 
 2006b ), and therefore leaf transpiration was 
highly correlated with leaf water potential. Leaf 
water potential reached mean minimum values of 
about −2,8 MPa in the open grassland, −2,2 MPa 

in open SPS and −1,7 MPa under the deepest 
shade conditions (Fernández et al.  2006a ). 
However, this better water status and conservative 
water use was associated with low radiation lev-
els, which may limit photosynthesis. In general, 
plants acclimated to mean low radiation levels 
tend to reduce their maximum photosynthetic 
capacity, which reduces respiration costs, and 
therefore decreases the light compensation point 
(LCP. this the minimum radiation level needed 
for a positive C balance) (Lambers et al.  1998 ). 
Curves relating net photosynthesis to photosyn-
thetically active radiation (PAR) in  P. speciosa  
and  F. pallescens  leaves showed that both species 
have low photosynthetic plasticity. Thus, for these 
species the maximum photosynthetic rate per leaf 
area (Pmax), quantum yield and LCP were simi-
lar between plants growing in the open grassland 
and under different levels of tree canopy cover 
(Fernández et al.  2002 ,  2006a ,    b ). In addition, the 
general form of the curve, with quite low curva-
ture factors compared to other temperate grasses, 
refl ects the heliophilous behavior of both species, 
which, however, is more marked in  P. speciosa  
than in  F. pallescens  (curvature factor: 0.34 and 
0.84, respectively; Fernández et al.  2002 ; Caballé 
et al.  2011a ,  b ). The low photosynthetic plasticity 
largely precludes both species from acclimating 
to very low radiation levels. Nevertheless, another 
study conducted on  F. pallescens  did fi nd a sig-
nifi cantly lower Pmax of SPS grasses compared 
to those in open grassland after they had been 
growing for several years under high shade condi-
tion (Caballé et al.  2011b ). This lower Pmax 
seems to be related to lower maximum stomatal 
conductance measured in shaded plants, which in 
turn may be related to their lower stomatal den-
sity compared to individuals growing in open 
grassland (Caballé  2013 ). 

 In contrast to its relatively low photosynthetic 
plasticity, high plasticity was observed in  F. 
pallescens  plants at morphological and architec-
tural levels, leading to increased capacity for cap-
turing light under shade conditions. Specifi c leaf 
area (SLA, leaf area per unit of leaf biomass) 
increased signifi cantly under shade conditions 
(Caballé  2013 ). In addition, the proportion of 
biomass allocated to leaves relative to the whole 
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plant biomass also increased from 27 to 37 % of 
total biomass at the expense of root biomass, 
leading to increased shoot: root biomass 
(Fernández et al.  2004 ). This magnitude of 
change in biomass partitioning is high compared 
to a mean change of 4 % (maximum 13 %) in leaf 
biomass fraction found in a survey of 130 herba-
ceous species growing in open vs. shade condi-
tions (Poorter and Nagel  2000 ). 

 Another architectural change observed in  F. 
pallescens  plants growing under shade condi-
tions was related to mean leaf angles, the leaves 
being more horizontally oriented in shaded plants 
than in plants in the open. Most of the leaves in 
open grasslands plants have an angle relative to 
the horizontal plane of 35–50°, whereas most of 
the leaves in plants where canopy cover >50 % in 
SPS are <10° (Fernández et al.  2004 ). Accounting 
for all these morphological and architectural 
changes in a simulation model indicated that  F. 
pallescens  plants growing in SPS may capture 
40 % more radiation than that expected if they 
had the architecture of an open grassland plant 
(Fernández et al.  2004 ).  

5.2.3     Festuca Pallescens Responses 
to Defoliation under Tree 
Canopy Cover 

 Rangeland forage harvesting, the primary objec-
tive of herbaceous production in silvopastoral 
systems, involves considering the interactive 
effect of defoliation and tree canopy cover. There 
is limited attention to this interaction in the litera-
ture, and it was studied in  F. pallescens  under 
fi eld conditions. The research considered differ-
ent intensity and frequency of defoliation in rela-
tion to the microenvironment under different 
canopy cover levels of  P. ponderosa  (Caballé 
 2013 ). 

 Defoliated tussocks growing under trees gen-
erally had higher relative growth than non- 
defoliated plants in the same situation. However, 
the response depended on the frequency of defo-
liation and the climatic conditions of the growing 
season; there was no signifi cant difference 
between defoliation intensities and tree canopy 

cover levels. Under shade, defoliation once at any 
moment in the growing season had a higher re- 
growth response than where there was more fre-
quent defoliation. For example, after a third 
defoliation under 45 % of canopy cover level or a 
second defoliation under 75 % of canopy cover 
relative growth was similar to that of 
 non- defoliated plants. However, due to the prior 
defoliation they had much lower absolute growth. 

 In open grassland conditions, defoliated plants 
also had much higher relative growth than non- 
defoliated plants; the difference was higher than 
under shade conditions by 20–25 % when defo-
liation was applied once in the growing season. 
However, in contrast to plants under shade, the 
defoliation intensity did have an effect on grass 
re-growth. Removal of 70 % of the above-ground 
biomass led to a higher relative growth than did 
removal of 50 % of the foliage. 

 Comparing defoliation responses of grasses 
growing in grassland  vs . SPS, the observed 
responses were varied over the three growing 
season studied, but there was no clear relation-
ship with annual climatic conditions. In a dry 
year, low-frequency defoliated plants in SPS 
grew in similar magnitude to defoliated plants of 
the open grassland, whereas in the following 
humid year, they grew signifi cantly more than in 
the open grassland, suggesting net facilitative 
interactions with the trees. However, in the third 
growing season (also humid), defoliated grasses 
under trees grew less than in open grasslands. 
Thus, it seems that the responses are variable, 
and that non-analyzed variables are infl uencing 
these complex relationships. 

 The changes in relative growth induced by 
defoliation treatments were not accompanied by 
clear changes in morpho-physiological parame-
ters such as  Pmax , water status or  SLA . These 
parameters tended to vary more in response to 
tree canopy cover level or climatic conditions 
(discussed in the previous section) than in 
response to defoliation itself. Thus, defoliation 
did not affect the  SLA  of the plants in shade treat-
ments. SLA decreased 50 % from early spring to 
late summer in plants with and without defolia-
tion whether under tree canopies or in the open. 
Similarly, defoliation did not affect plant water 
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status (pre-dawn water potential) in either cover 
situation. However, frequent defoliation did 
induce higher water stress in grasses growing in 
open grasslands or in 45 % canopy cover treat-
ments on a few dates or particular growing sea-
sons. Similarly,  Pmax  was the same in defoliated 
and non-defoliated plants, and decreased as tree 
canopy cover level increased. However, defolia-
tion did signifi cantly affect instantaneous gas 
exchange through differences in stomatal con-
ductance. This latter parameter was higher in 
defoliated than in non-defoliated plants within 
each canopy cover level. In addition, compensa-
tory photosynthesis, which is the difference 
between photosynthesis in defoliated  vs . non- 
defoliated plants, was two to threefold higher in 
open grassland plants than in grasses growing 
under tree canopy cover. In spite of the negative 
effect of shade on photosynthesis compensatory 
capacity, defoliated plants of  F. pallescens  grow-
ing under trees had maximum levels of compen-
sation between 31 and 44 % (difference between 
 Pmax  of defoliated  vs . non-defoliated plants), a 
magnitude which is higher than that reported for 
other herbaceous species with no radiation limi-
tation ( Agropyron spicatum:  21 % (Nowak and 
Caldwell  1984 );  Lolium multifl orum:  15 % 
(Gifford and Marshal  1973 ), and contrasting to 
results in  Lolium perenne  which presented no 
compensatory photosynthesis at all when it was 
subjected to shade conditions (Woledge  1977 ). 

 The activation and deactivation of the photo-
synthetic processes from the variable light con-
ditions when grasses are growing under tree 
canopy cover, altered the induction times and 
magnitude between defoliated and non-defoli-
ated plants. Leaves of  F. pallescens  from non-
defoliated plants, after a shade period of 60 min, 
had a 20 % lower  Pmax  than when they were 
subjected to saturating light levels, and they 
reached 93 % of  Pmax  after 15 min. In defoliated 
plants, the reduction in  Pmax  was about 45 %, 
and subsequent recovery only reached 73 % of 
 Pmax  after 15 min. These differences are impor-
tant because they mean that defoliated plants 
under tree canopy cover need longer periods of 
light and/or shorter shade periods than non-defo-
liated plants in order to reach their maximum C 

fi xation capacity when radiation is available 
(Caballé  2013 ). 

 All these results indicate that shade has to be 
properly managed in SPS when grasses are sub-
jected to grazing. Although  F. pallescens  may 
maintain its growth capacity up to tree canopy 
cover levels of about 70 % (see Fig.  5.3 ), its lower 
resistance to defoliation under shade conditions 
moves this tree cover threshold to lower values 
(no more than 50 % tree canopy cover, Caballé 
 2013 ) and even in this case, defoliation frequency 
must be reduced compared to open grassland 
conditions. Rotational grazing-based livestock 
management, i.e. livestock being moved to dif-
ferent grazing areas over the year, must be 
planned for long-term maintenance of forage 
supply in SPS.   

5.3     Tree Component 
in Silvopastoral Systems 
in NW Patagonia 

5.3.1     Ponderosa Pine Growth, Stand 
Productivity and Wood 
Quality 

 As the trees of SPS grow the ecological relation-
ships between grasses and trees change in magni-
tude and direction. Immediately after tree 
planting, grasses and shrubs compete with the 
young trees for a few growing seasons (three to 
fi ve, depending the availability of resources). In 
the fi rst year after planting pines growing with 
good weed control had lower levels of drought 
stress and produced more and larger needles 
(75 % longer) than pines growing with grasses 
(Letourneau and Andenmatten  2007 ). In this 
experiment pines without competition were 
2.1 m height at age 7 years compared to the 1.6 m 
in the control plots (Letourneau and Andenmatten 
 2007 ). In this experiment survival was unaf-
fected. Similar results have been found in another 
experiment comparing weeding treatments in 
Patagonia (Davel et al.  2001 ). These latter experi-
ments which also included fertilizer, found that 
the application of N-P-K 10-3-5 (10 gr plant −1 ) 
did not increase pine growth or survival (Davel 

5 Silvopastoral Systems Based on Natural Grassland and Ponderosa Pine in Northwestern...



98

et al.  2001 ). As pines become larger, competition 
with grasses decreases or becomes neutral. As an 
example, weeded pines at an age of 5 years 
(85 cm height) had similar growth rates and 
drought stress levels to pines growing with 
grasses (Schlichter  2002 ). Based on the dynamics 
of water availability during the growing season 
(see below), it seems that grass competition 
becomes low or even negligible when the root 
system of the pines reaches the soil layers beneath 
those explored by grasses. Weeding treatments at 
planting can be used to increase the initial growth 
of pines and allow animals to grazed earlier with 
minimal damage to the trees, depending on the 
resilience of the grasses to re-growth after pine 
establishment. 

 It is well known that trees have higher diam-
eter growth rates at low stockings compared to 
higher plantation densities. In the particular 
case of ponderosa pine plantations in NW 
Patagonia, on average, trees growing in SPS 
showed an annual stem growth 2.5–3 times 
higher than those in forestry stands (diameter 
growth at 1.3 m height (DBH): 18 and 6 mm 
year −1 , respectively, Gyenge et al.  2010 ; DBH 
growth in another study: 12 and 5 mm year −1  in 
dominant trees of SPS and forestry stands, 
respectively, Gyenge et al.  2012 ). It is important 
to note that the relative growth rate (annual rate 
normalized by the diameter at the beginning of 
the growth season) and the annual volume 
growth were also higher in trees growing at low 
than at high density plantation (about four times 
higher, Gyenge et al.  2002 ). The differences in 
relative growth rates could means changes in 
carbon allocation or in the effi ciency of resource 
use, that deserve more studies (Fernández and 
Gyenge  2009 ; Gyenge et al.  2012 ,  2014 ). 
Differences in annual growth rate between pines 
growing at different plantation densities in NW 
Patagonia could be observed early during the 
stand development, at age (at breast height) 
8–10 (Martínez Meier et al.  2013 ), indicating 
the importance of thinning over annual aboveg-
round productivity. Comparing growth rates of 
trees growing under same fi eld conditions, it 
seems that ponderosa pines growing at lower 
densities show a longer period with positive 

increments, added to the higher rates mentioned 
above (Fernández et al.  2012 ). 

 Thinned SPS stand at age 15 years with 350 
and 500 stems ha −1  had current annual increments 
(CAIs) of 14 and 19 m 3  ha −1  year −1 , respectively 
(Gyenge et al.  2010 ). An adjacent unthinned 
plantation with 1300 stems ha −1  had a lower cur-
rent annual increment of 13 m 3  ha −1  year −1 ; pos-
sibly as a product of that this plantation had 
already passed the time of peak CAI. These pro-
ductivity values were similar to the average val-
ues published for commercial plantation in NW 
Patagonia (10–18.5 m 3  ha −1  year −1 ; SAGPyA 
 2001 ; Andenmatten et al.  2002 ). 

 At age 15 years, the annual growth-ring width 
of ponderosa pines in SPS showed higher vari-
ability between years than trees growing at higher 
plantation density in a site with a relatively posi-
tive water balance (Gyenge et al.  2010 ). Thus 
annual ring growth width varied by about 10 mm 
between years in the SPS pines (stands with 350 
and 500 trees ha −1 ), while the variation was about 
2 mm in the high density stand (around 1300 
pines ha −1 , Gyenge et al.  2010 ). In a more stress-
ful environment, the opposite pattern was 
observed, i.e., the trees growing at higher planta-
tion densities had higher growth variability than 
those growing at low plantation density (1.5–
0.4 mm year −1 , respectively; Gyenge et al.  2012 ). 
It is important to note that at both sites, the mini-
mum annual growth rate of the SPS trees was 
always greater than the maximum growth values 
of the trees growing in high plantation densities. 
So, even when the growth variability (i.e. the sen-
sitivity to environmental conditions) could be 
higher in SPS trees than in high density stands, 
that variability is around a higher average value. 

 We have pointed out the high rates of individ-
ual stem annual growth of ponderosa pines grow-
ing at low plantation density. But what kind of 
physical properties does the wood have when it is 
produced under these particular growing condi-
tions in Patagonia? Several studies were con-
ducted to determine wood density and the 
functional (hydraulic) role of the wood formed in 
SPS. Wood density studies found that average 
density of the stem does not change with pon-
derosa pines growing at different plantation den-
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sities, despite differences in annual growth rates 
(Martínez Meier et al.  2013 ). Nevertheless, it was 
possible to determine statistical differences 
between the earlywood and latewood portions of 
the annual growth-ring (Martínez Meier et al. 
 2013 ). Regarding wood hydraulic functionality, 
measurements in trees planted at different initial 
stocking density showed that mean specifi c 
hydraulic conductivity of the growth-ring was 
similar between different stand densities and tree 
sizes (dominant vs. suppressed trees in each 
stand) (Fernández et al.  2012 ). This was in agree-
ment with similar anatomical characteristics (tra-
cheid lumen diameter and inter-tracheid pit 
dimensions) of the wood formed in the different 
treatments (Fernández et al.  2012 ). However, 
extrapolation of these results as a response to 
thinning treatment must be specifi cally tested in 
future experiments. 

 The abovementioned studies were carried out 
on growth rings where wood density had attained 
stabilized values (20- to 25-year-old trees). 
However, from the point of view of bole wood 
quality, taking into account that rotation periods 
are shorter in SPS due to higher growth rates and 
that transition from juvenile to mature wood in 
ponderosa pine in NW Patagonia is about 20 
years, the proportion of juvenile wood in SPS logs 
could be substantially greater than in similarly 
sized logs from traditional plantations. Depending 
on the industrial use of the wood, this would mean 
a decrease in the proportion of high quality wood 
in SPS logs compared to those from traditional 
forest managements (Letourneau et al.  2014 ). 

 In order to analyze stem productivity of stands 
of different tree densities growing at sites with 
different water availability, simulations were per-
formed of annual growth of ponderosa stands 
using 3PG PJS  (Sands  2004 ), a free excel spread-
sheet version of the 3-PG model (Landsberg and 
Waring  1997 ). Some original parameters were 
changed based on Patagonian ecophysiological 
measurements and validated with growth data of 
different stands (Andenmatten and Letorneau 
 2003 , Fig.  5.4 ). The simulations considered dif-
ferent conditions of water balance (dry and humid 
sites, with low and high soil depths in each case), 

different initial plantation densities (1200, 750 
and 500 trees per ha.), and different management 
schedules. A control (no management at all) and 
a managed condition were simulated at each site 
x stand density combination. The management 
consisted of applying a thinning treatment each 
time the stand reached a threshold stand density 
index (SDI), which took a different value in the 
“traditional” schedule (SDI threshold = 800, 
 initial plant density: 1200 trees ha −1 ), than in the 
SPS scheme (SDI threshold = 600, initial plant 
density: 750 and 500 trees ha −1 ). The target SDI 
in each thinning was 512 and 400 in traditional 
vs. SPS stands, respectively. The traditional man-
agement schedule was that recommended for 
Patagonian ponderosa pine plantations (Gonda 
 2001 ).

   The predictions of 3PG PJS  partially agreed 
with the patterns of wood volume accumulation 
observed under fi eld conditions (Andenmatten 
and Letorneau  2003 ), underestimating values of 
stands with high wood volume accumulation. 
This underestimation could be mathematically 
corrected (for example, by changing the self- 
thinning threshold), but the results shown in the 
following paragraphs were obtained without any 
correction. Considering the most contrasting sit-
uations, pines growing at under SPS, with a thin-
ning schedule based on relative density index and 
planted in humid sites, reached a fi nal size of 
average DBH = 40 cm at about 25–30 years of 
age, compared to 45–60 years in the high density 
unmanaged stands growing in the drier sites (Fig. 
 5.5a ). This means that the SPS stands could be 
harvested around two times during the period in 
which the trees are growing in the high density 
stand to reach the target size of DBH = 40 cm. In 
contrast, the amount of harvested wood volume 
and mean annual increment followed the oppo-
site pattern (Fig.  5.5b, c ). By adding up the 
amount of wood harvested in the low density 
stands, it is possible to reach a similar amount to 
the total wood harvested in the high density 
stand. If we consider now that the stands must be 
harvested when trees are 30 years old, total wood 
harvested and mean annual productivity attain 
similar values, but most importantly, trees from 
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  Fig. 5.4    Observed (Andenmatten and 
Letourneau  2003 ) and estimated stand wood 
volume (m 3  ha −1 ) of ponderosa pine stands 
using 3-PG PJS  model parameterized with 
ecophysiological data published by Gyenge 
( 2005 ). Corrected data were obtained by 
multiplying the original simulated data by the 
difference between observed and estimated 
values/observed value       
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  Fig. 5.5    Simulation of ponderosa pine stand productivity 
using 3-PG PJS .  Left panels  represent the age, total wood 
volume per ha and mean annual increment ( a ,  b  and  c , 
respectively) when the mean diameter at breast height 
(DBH) of the stand reaches 40 cm.  Right panels  represent 
the mean DBH, total wood volume per ha and mean 
annual increment ( d ,  e  and  f , respectively) when the stand 

reaches 30 years of age. The simulated situations shown 
in the fi gure are the most contrasting: dry site with low 
soil depth (negative water balance), humid site with high 
soil depth (positive water balance); managed and non- 
managed plantations with initial 1200, 750 and 500 pines 
per hectare. See text for details about the simulated man-
agement practices       
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low-density plantations attain higher diameter at 
breast height (Fig.  5.5d–f ).

5.3.2        Silviculture of Ponderosa Pine 
in Silvopastoral Systems 

 Ecophysiological studies of grasses growing in 
the understorey of ponderosa pine plantations 
indicate that the critical threshold of tree canopy 
cover for which the net balance between positive 
and negative interactions are neutral or positive, 
is close to 70 % (Caballé  2013 ). Above this level, 
the facilitation effect generated by the trees on 
the water status of the grasses is lost due to strong 
competition for radiation. 

 Silvicultural management, thinning and prun-
ing can regulate the levels of canopy cover in 
order not to exceed this critical threshold. 
Therefore, easy-to-measure indicators are 
required in order to apply these practices at the 
right time. At the same time, it is essential to 
know how canopy cover changes as trees grow. 
This can be achieved through the use of forest 
growth and yield models. In the following para-
graphs a summary of another simulation study is 
presented, based on a different modeling 
approach from the one described in the previous 
section. 

 “Piltriquitron” (Andenmatten et al.  2007 ) is an 
empirical model developed by the National 
Institute of Agricultural Technology (INTA, 
Argentina) to specifi cally predict ponderosa pine 
growth and yield under NW Patagonian condi-
tions. Through the analysis of hemispherical pho-
tographs taken at 63 ponderosa pine stands 
distributed between 36°.5 S and 42°.5 S (most of 
the potential plantation area of the species in 
Patagonia), parameters of tree canopy cover were 
accurately estimated, and the relationship 
between structural parameters of the stand and 
each tree canopy cover was established by forest 
inventory. The best fi t, taking into account corre-
lation coeffi cients, the distribution of errors in a 
validation sample and some practical parameters 
related to the application of the model, was found 
between canopy openness (or % visible sky) and 
Curtis relative density index (Curtis  1982 ). The 

Curtis relative density is based on the relation-
ship between tree size and the number of trees 
per hectare (Letourneau et al.  2010 ). This 
 relationship was used in the Piltriquitron model, 
and by considering critical thresholds, thinning 
schedules were simulated to maintain adequate 
levels of tree canopy cover. 

 Simulations showed that for a stand planted at 
1111 trees ha −1  on a site of intermediate site qual-
ity, it was necessary to have two thinnings in 
order not to exceed the critical threshold of 70 % 
of tree canopy cover (Table  5.1 ). At the fi nal har-
vest at age 33 years the stand had 75 trees ha −1  
with a mean DBH of 45 cm. Including thinnings 
the total production was 280 m 3  ha −1  (8.4 m 3  ha −1  
year −1 ) of which 190 m 3  ha −1  was harvestable. 
Clearly, in order to maintain an open canopy typi-
cal of SPS throughout the rotation, it is necessary 
to forego wood production.

   On the other hand, studies of pruning effects 
on ponderosa pine in NW Patagonia have shown 
that pruning reduces stem productivity in SPS 
stand, and this is magnifi ed in the trees growing 
at higher densities (Gyenge et al.  2010 ). This 
implies that the pruning threshold (i.e. the per-
centage of green canopy pruned) depends 
inversely on tree density and resource 
availability. 

 Green pruning also be changed branch 
growth. There was an increase in the diameter of 
branches located at the middle and bottom of the 
canopy when pruning was to height of 4.5 m 
than where trees were pruned to 3 m (Gyenge 
et al.  2009 ). 

 The decrease in productivity could be a result 
of the water stress induced by pruning or from 
reduced leaf area. Pines with a high level of prun-
ing showed lower stomatal conductance and 
water potential at pre-dawn and during the day 
(Gyenge et al.  2009 ). Other results have shown 
quite low capacity of ponderosa pine to compen-
sate water use in the short term after the loss of 
leaf area. Pruning the branches at the bottom of 
the canopy produced a decrease in whole tree 
transpiration. However, a difference of only 10 % 
in water use was measured in trees that differed 
by 40 % in foliar area as a result of pruning 
(Gyenge et al.  2009 ). 
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 Ecophysiological studies have demonstrated 
that leaf and hydroactive xylem area are func-
tionally correlated in ponderosa pine, the value of 
the ratio being higher at sites with a more positive 
water balance (Callaway et al.  1994 ). This implies 
that leaf area of a branch or the canopy as a whole 
show a lineal relationship with the hydroactive 
xylem of the branch or the stem, respectively. 

 Based on this relationship, it seems that for 
ponderosa pine growing in a broad range of situ-
ations in NW Patagonia, the leaf area of each 
branch could be estimated by using the diameter 
at the base of the branch as predictor variable, at 
least for branches with basal diameter under 
47 mm (Gyenge et al.  2009 ). It is important to 
note that for branches greater than this diameter 
and for trees growing at sites with a more nega-
tive water balance (drier sites), the equation may 
over-estimate leaf area. On the contrary, at the 
tree scale, a specifi c site equation is necessary to 
estimate canopy leaf area from hydroactive 
xylem area in stem. The higher values of this 
ratio, which reaches 0.20 m 2  cm −2 , were found in 
the more humid sites, compared to lower ratios in 
the drier sites (Callaway et al.  1994 ; Gyenge 
et al.  2010 ). This ratio also changed in response 
to tree density, being higher in trees growing at 
low density than at high density, even growing 
under similar general ecological conditions, or in 
response to drought in a particular year showing 
high plasticity in this character (Gyenge et al. 
 2012 ). 

 Another variable to be considered when silvi-
cultural practices are oriented to canopy cover 
management is the longitude of the crowns (i.e. 
the distance between the top and the bottom of 
the canopy). If no pruning is applied, shade toler-
ance of ponderosa pine leaves determines that the 
relative amount of solar radiation that reaches the 
base of the canopy (the lower branch of the crown 
with green needles) is always about 11 % of the 
total radiation at the top of the crown, regardless 
of the plantation density (Gyenge et al.  2012 ). 
This determines, of course, different crown 
lengths in different plantation densities, as well 
as different canopy openness. In this regard, the 
amount of available solar radiation to each indi-
vidual crown determines that the annual basal 
area increment of branches was higher at the top 
or middle than at the bottom of the canopy 
(Gyenge et al.  2009 ).   

5.4     Animal Component 
in Silvopastoral Systems 
in NW Patagonia 

5.4.1     Animal Production 
in Silvopastoral Systems 
in NW Patagonia 

 The forest-steppe ecotone zone in NW Patagonia 
where SPS can be conducted is a narrow strip 
50 km wide extending along the province of 

   Table 5.1    Simulation of silvicultural management for ponderosa pine stands in three different site qualities of NW 
Patagonia, Argentina to maintain the tree canopy cover level throughout the cycle below 70 %   

 Site Index 
IS (20)  (m)  1st thinning  2nd thinning  Final harvest 

 Commercial production 
(m 3 ha −1 ) >15 cm thin tip 
diameter 

 Gross production 
(m 3 ha −1 ) including 
thinning 

 18.6  13 years  24 years  29 years  196  290 

 1111–290 trees ha −1   290–77 trees ha −1   77 trees ha −1  

 Dg = 13.9 cm  Dg = 34.0 cm  Dg = 45.6 cm 

 16.4  15 years  29 years  33 years  195  287 

 1001–248 trees ha −1   248–68 trees ha −1   68 trees ha −1  

 Dg = 15.3 cm  Dg = 36.8 cm  Dg = 44.8 cm 

 13  18 years  36 years  45 years  185  276 

 1083–290 trees ha −1   290–78 trees ha −1   78 trees ha −1  

 Dg = 13.9 cm  Dg = 33.6 cm  Dg = 45.3 cm 

  Site Index (IS 20 ): indicates the height (m) of dominant trees at 20 years old. Dg: diameter (cm) of the average tree basal 
area  
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Neuquén, Río Negro and Chubut, between 36°30′ 
and 42°30′S. Different animal-based production 
systems are common in the different provinces 
and the steppe and the more humid sites in the 
mountain valleys. These include goats in the 
Northern portion of the region, extensive sheep 
raising in the steppe plateaus and cattle breeding 
in humid sites next to or within natural forests. 
Unfortunately, the available information about 
animal production under SPS schedules is very 
scarce in this region, with most of the studies com-
ing from the northern area (north of Neuquén 
Province), where the traditional production sys-
tem is transhumance livestock based on “local 
criollo goat”. This activity involves about 1700 
smallholders who use highlands of the Andes 
Mountains as summer grazing sites (known locally 
as “veranada” and which are highly productive 
lands used during the summer drought period) and 
steppes in Eastern Andes which are used as win-
tering sites (known locally as “invernadas”). 

 The development of SPS to include the trans-
humance livestock of the northern province of 
Neuquén may be possible only in highland areas 

since the 300 mm rainfall of the steppe areas lim-
its ponderosa pine growth. The period of “ver-
anada” usually begins the fi rst day of December 
(late spring in Southern hemisphere) and runs for 
120 days until early April, (Fig.  5.6 ). Assuming 
that goats have a daily intake of 1.2 kgDM and 
eat 50 % of the biomass present in the grassland, 
the carrying capacity of the SPS in these areas 
would be 2–4 goats ha −1  over this 4-month period.

   Live weight and body condition score of goats 
throughout the summer period were not signifi -
cantly different between animals on natural grass-
lands (conventional livestock production) and 
grazing under trees in SPS (Table  5.2 ). However, 
the daily live weight gains showed a favorable 
trend toward SPS. Young goats with “milk teeth” 
(main product of these production systems), dou-
bled their weight during the “veranada” period 
reaching live weights of 23–26 kg by April. 
Postpartum mother goats recovered between 5 
and 10 kg during the summer in the SPS. This is 
similar to traditional farming  systems in the 
region. Apparently, regardless of initial weight, 
the animals can leave the “veranada” sites with 

  Fig. 5.6    Silvopastoral system based on natural grassland, ponderosa pine and “local criollo goat” in northern of 
Neuquén Province in Patagonia Argentina       
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similar weight and the body condition which is 
above the minimum threshold (BC: 2) required 
for breeding.

5.4.2        Diet Selection, Tree Damage 
and Time at Which Animals 
Are Introduced 
into Ponderosa Pine 
Silvopastoral Systems 

 Browsing and trampling by animals can cause 
serious damage to trees during early stages of 
SPS, and in some cases result in tree mortality. 
The voluntary intake of tree foliage, branches or 
bark is due to the animal’s digestive physical 
capacity, diet preference, energy demands, forage 
quality and relative availability of these compo-
nents (Minson  1990 ). Regarding diet preference, 
it has been suggested that goats are less selective 
than sheep and cattle, and their diet generally 
includes more woody species (Animut and 
Goetsch  2008 ). Therefore, goats may potentially 
cause more damage to young trees in SPS sys-
tems than other domestic animal species. 

 The botanical composition of the goat’s diet 
when they were placed in young unpruned pon-
derosa pine SPS, found a higher proportion of 
trees and shrubs (47 %, SE = 1.5) than grasses 
(30 %, SE = 2.0), herbs (17.4 %, SE = 1.65) and 
graminoids (5.3 %, SE = 0.35). The tree and shrub 

component was higher in the younger animals 
(milk teeth and two-toother goats), while the 
grass component was higher in older animals. 

 Eighty percent of the tree and shrub compo-
nent in the diet was represented by the following 
species, in order of importance:  Pinus ponderosa  
(13 %),  Berberis  sp .  (7 %),  Nothofagus antarctica  
(7 %),  Chuquiraga  sp .  (5.5 %),  Ephedra  sp .  
(4 %),  Adesmia  sp .  (3 %) and  Gaultheria  sp .  
(3 %). The botanical composition for 75–95 % of 
the grass component was represented by four spe-
cies. In order of importance, based on their aver-
age contribution, the main species were:  Festuca 
pallescens  (11 %),  Poa  sp .  (6 %),  Rytidosperma  
sp .  (6 %) and  Bromus setifolius  (3 %). The herb 
component was almost the single genus,  Acaena . 
On average, during the “veranada” period, 37 % 
(SE = 1.4) of the goats’ diet was composed of  F. 
pallescens ,  P. ponderosa  and  Acaena sp.  

 The diet preference, which is the relationship 
between diet contribution and availability of each 
species, followed the order: (1) the native tree 
 Nothofagus antartica  (ñire) and the legume shrub 
 Anarthrophyllum rigidum , locally called “mata 
guanaco”, (2) the herb  Acaena splendens , (3) the 
natural grasses  Poa lanuginosa ,  P ligularis  and 
 Festuca pallescens , locally called “coirones”, 
and (4) ponderosa pine needles. 

 While the pine needles were in fourth place in 
the diet preference of goats, their average contribu-
tion to the diet was greater than 13 % with a peak in 

   Table 5.2    Live weight growth (kg) of “local criollo goats” of different ages and body condition (scale from 1 to 5) 
during the summer period of transhumance livestock in northern Neuquén Province, NW Patagonia, Argentina   

 Silvopastoral systems  Conventional Livestock 

 December  April  December  April 

 Milk teeth  Liveweight (kg)  12.1 (1.24)  24.6 (1.42)  13.9 (0.25)  21.7 (0.41) 

 Body condition  2.4 (0.39)  2.6 (0.25)  2.3 (0.35)  2.5 (0.2) 

 Two-toother  Liveweight (kg)  26.1 (1.65)  33.6 (1.31)  27.1 (0.17)  31.8 (0.88) 

 Body condition  2.3 (0.29)  2.4 (0.13)  2.5 (0.2)  2.8 (0.11) 

 Four-toother  Liveweight (kg)  30.2 (2.28)  38.2 (1.06)  30.2 (0.07)  33.4 (4.11) 

 Body condition  2 (0.27)  2.9 (0.08)  2.2 (0.08)  2.4 (0.44) 

 Six-toother  Liveweight (kg)  31.6 (1.53)  38.2 (0.24)  32.6 (0.07)  35.1 (3.69) 

 Body condition  1.8 (0.14)  2.4 (0.05)  2 (0.03)  2.5 (0.48) 

  The values indicate the mean (and SE) ≥15 goats per age class during three different summer periods (2009–2012)  
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February of 18 %, at which time it was the plant 
species most consumed. This was because of their 
homogeneous spatial distribution and high avail-
ability (756 kg DM ha −1 ) of this component due to 
their low crowns in the fi rst 2–3 years of grazing. 
This amount of dry matter is about 70 % of the total 
dry matter of well-conserved natural grasslands 
and more than twice the dry matter present in 
degraded grasslands (Caballé et al. 2011). 

 The worst browsing damage associated with 
pine needle consumption was usually in trees 
shorter than 1.5 m. Trees taller than 1.5 m exhib-
ited partial or total defoliation of the basal 
branches but they did not show any damage to the 
trunks after 120 days of continuous goat grazing. 
The frequency of damage to the pines increased 
in poor grasslands conditions, where there was 
the herb  Acaena splendens , the C3 tussock 
 Pappostipa speciosa  and 30 % of bare soil. Thus, 
in SPS with ponderosa pine, goats should be 
introduced once the trees exceed 1.5 m in height. 
Also, special attention should be paid to the state 
of grassland conservation. Depending on the site 
quality, the period of grazing exclusion necessary 
for trees exceeding 1.5 m in height can be from 2 
to 6 years.  

5.4.3     Forage Quality 
and Availability of Ponderosa 
Pine Needles 

 Natural grasslands of NW Patagonia, outside areas 
of high productivity meadows, have a marked gra-
dient in production, mainly defi ned by the west-
east rainfall distribution and the highly seasonality 
of rainfall which is mainly concentrated in winter 
and early spring. Aboveground primary produc-
tion is controlled during the winter by the low tem-
peratures and during the late spring and summer 
by water availability (Jobbagy and Sala  2000 ). 
These climatic conditions cause the nutritional 
value of the main forage species to decrease mark-
edly as the growth season progresses and to be 
enough only to supply the maintenance require-
ments of livestock (Somlo et al.  1985 ). 

 The average value of crude protein in ponder-
osa pine green needles of 9.2 % (was consider-
ably higher than the average 5.7 % concentration 
foundin perennial grasses of the natural grassland 
( Poa  sp.,  Agrostis  sp.,  Festuca  sp.,  Pappostipa  
sp.,) but lower than the leaves of shrubs (12 %), 
as most of these are legumes (Table  5.3 ; Caballé 
et al.  2009 ). Further, unlike grasses, where the 
crude protein concentration falls from 7.2 to 
4.6 % as the growing season progresses, the 
crude protein in green pine needles remained the 
same or even increased towards the end of the 
season (Caballé et al.  2010 ).

   The differences found between the crude pro-
tein concentration of pine needles and main 
grasslands forage species suggest that the contri-
bution of pine to goat diet in the north of the 
region is important, especially at the end of the 
dry season when grasses contain only half their 
concentration. Nevertheless, except for the 
legumes, none of the understorey species present 
in SPS or the natural grasslands has the minimum 
12 % of crude protein required for animals post- 
weaning or the 9 % for proper development and 
animal maintenance (Huston et al.  1971 ). 

 However, the digestibility of pine needle dry 
matter is very low and is similar to the digestibil-
ity of the poorest native grasses such as 
 Pappostipa speciosa  (Table  5.3 ; Somlo et al. 
 1985 ). This is directly related to the high lignin 
concentration of the pine needles (Table  5.3 ); lig-
nifi cation increased with increasing water defi cit 
at the end of the growing season (Caballé et al. 
 2010 ). The low digestibility and the negative 
effect of secondary compounds present in the 
needles on rumen microfl ora probably prevent 
the animals from increasing their needle intake 
(Pfi ster et al.  1992 ). 

 Tannins and some of the main secondary com-
pounds, generate astringency and depress prefer-
ence levels and intake. However, a complementary 
study found an average of 3 % total tannins in the 
leaves (González et al.  2013 ). This may also 
explain the relatively low preference of goats for 
pine needles. Nevertheless, in concentration simi-
lar to those found in this study, tannins have been 
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found to be benefi cial. Thus, some studies have 
shown that 2–3 % of tannins increased the produc-
tion of meat, milk and wool by 10–15 % (Waghorn 
et al.  1990 ). This positive effect was attributed to 
increased protein by-pass reaching the duodenum, 
although it may been caused by other factors in the 
intake and digestion processes. 

 Regarding needle quantity, there is a good 
non-linear relationship between total dry mater 
of green needles per tree (all biomass present 
below 1.3 m in height) and stem DBH (Fig.  5.7 ; 
Caballé et al.  2010 ). This can be used to estimate 
needle supply in young SPS.

5.5         How Silvopastoral Systems 
Contribute 
to the Sustainability 
of Forestry in NW Patagonia 

5.5.1     Conservation of Biodiversity 

 Land-use change typically result in the modifi ca-
tion of vegetation cover and this can, in turn, 
lead to loss of habitat for many species 
(Lindenmayer and Fischer  2006 ). Human-
modifi ed lands usually have less habitat diversity 
and complexity than natural systems, and offer 
poorer food and shelter sources for many native 
species (Brockerhoff et al.  2008 ). Nevertheless, 
silvopastoral systems compare favorably with 
many other productive land uses. Across the 
scale of management intensity and conservation 
value, SPS have a higher conservation value than 
intensive forestry, range management or agricul-
ture with introduced pastures. They may enhance 
biodiversity due to their higher structural hetero-
geneity than found in exclusively pastoral or for-
estry systems (Rois et al.  2006 ). Promoting SPS 
rather than agriculture or other intensive land 
uses may be important for conserving biodiver-
sity, especially in landscapes where the natural 
habitat has been highly fragmented (Schroth 
et al.  2004 ). 

     Table 5.3    Average forage quality of ponderosa pine needles and leaves of grasses, herbs and shrubs present in natural 
grassland and SPS in NW Patagonia   

 Species  Site  ADL (%)  CR (%)  DMD (%) 

 Agrostis sp.  Open grassland  3.8  6.8  67.5 

 Silvopastoral systems  4.3  7.0  65.2 

 Festuca sp.  Open grassland  7.1  5.4  56.5 

 Silvopastoral systems  7.8  5.2  54.7 

 Poa sp.  Open grassland  4.3  6.1  63.6 

 Silvopastoral systems  4.6  6.7  65.9 

 Poppostipa sp.  Open grassland  7.3  4.6  54.7 

 Silvopastoral systems  8.2  5.5  53.1 

 Acaena splendens  Open grassland  6.2  6.4  68.3 

 Silvopastoral systems  8.4  7.5  61.5 

 Anarthrophylum rigidum  Open grassland  19.3  12.0  52.5 

 Silvopastoral systems  18.4  12.5  56.6 

 Pinus ponderosa  Silvopastoral systems  15.6  9.2  53.3 

 Nothofagus antartica  Open grassland  12.2  8.3  59.8 

  ADL (%) is acid detergent lignin, CR (%) is crude protein and DMD (%) is dry matter digestibility (Source: Caballé 
et al.  2009 ,  2010 )  

  Fig. 5.7    Relationship between total dry matter (kg) of 
green needles per tree (all biomass present below 1.3 m in 
height) and stem diameter al breast height (DBH, cm) for 
ponderosa pine in SPS in NW Patagonia, Argentina       
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 As mentioned above, the forest – steppe eco-
tone, where pine plantations are commonly 
established in NW Patagonia, is a narrow transi-
tion zone along the Andes Mountains and is dom-
inated by a gramineous steppe with sparse shrubs 
and trees. Since the early twentieth century, these 
systems have been used for extensive sheep and 
cattle production (Soriano  1983 ). Some pine 
plantations have been established at high densi-
ties but most were never managed, so resulting in 
dense, highly shaded environments. There has 
been great public concern in Patagonia because 
of potential negative environmental impacts of 
these plantations, particularly on biodiversity. 

 However, several studies in the region have 
suggested that changes in biodiversity in forest 
plantations depend on landscape design, stand 
structural characteristics at the site level and the 
taxa considered. At the site level SPS have much 
lower densities (sparse) than normal pine planta-
tions, and with a more open canopy of between 
30 and 70 % coverage. Such plantations have 
been shown to have a lower impact on biodiver-
sity than dense plantations. Rusch et al. ( 2004 ) 
found that in sparse plantations with 52 % tree 
canopy cover there was higher shrub and herba-
ceous cover and richness than in dense planta-
tions with 87 % tree canopy cover (Fig.  5.8 ).

   However, such open plantations had lower 
richness than native grassland vegetation. 
Importantly, the new structural element, the trees, 
resulted in a new resource for fauna (Lantschner 
et al.  2008 ). Thus, when SPS are introduced in 
extended native grasslands, they increase β diver-
sity (landscape heterogeneity) and structural 
diversity, while maintaining a high level of origi-
nal biodiversity. 

 The way species change when  P. ponderosa  
plantations are established also depends on the 
composition of the original community. Thus, 
two steppe communities may react differently. 
Steppes dominated by  P. speciosa  and  Mulinum 
spinosum  (neneo shrub) showed a strong ten-
dency for  M. spinosum  mortality; while  P. speci-
osa  was less affected. Communities dominated 
by  F. pallescens , increased in coverage when 
compared with open grasslands suggesting an 
improved site productivity. 

 Bird species abundance and richness have 
been shown to decrease in dense plantations 
compared to native vegetation, whereas they 
remained similar in sparse plantations (Fig.  5.9a ; 
Lantschner et al.  2008 ). Moreover, changes in 
bird assemblage and composition also depended 
on the original vegetation type that was replaced. 
Though small changes in species composition 
resulted when plantations replaced native forest 
having a similar vegetation structure, the changes 
were more marked when plantations replaced 
steppe habitats, or where open plantation like 
SPS were developed (Lantschner et al.  2008 ). 
Regardless of the type of vegetation replaced, the 
abundance of many bird species (e.g.,  Scelorchilus 
rubecula ,  Aphrastura spinicauda ,  Pteroptochos 
tarnii ,  Leptasthenura aegithaloides ,  Scelorchilus 
rubecula ,  Colorhamphus parvirostris ) in pine 
plantations has been observed to be positively 
associated with the amount of native vegetation 
in the understorey (Lantschner and Rusch  2007 ; 
Lantschner et al.  2008 ). Thus, sparse plantations 
planted for silvopastoral activities are better habi-
tats for more species than are dense plantations.

   Small mammals have also been shown to be 
sensitive to understorey vegetation cover. The 
decrease in abundance and richness of small 
mammals in pine plantations compared to native 
vegetation, and the presence of the most abun-
dant species (e.g.  Abrothrix longipilis ), are best 
explained by herbaceous cover and shrub rich-
ness (Lantschner et al.  2011 ). The decline in 
small mammals in pine plantations is strongly 
associated with decreased understorey cover and 
plant species richness leading to the reduction in 
shelter and food resources (Lantschner et al. 
 2011 ). Therefore, the presence of higher under-
storey cover in SPS than in traditional forestry 
plantations may also enhance the abundance and 
diversity of small mammals. 

 Carnivore mammal species also use pine plan-
tations depending on their vegetation structure. 
Sparse plantations favor the presence of two spe-
cies, the culpeo fox ( Lycalopex culpaeus ) and 
Molina’s hog-nosed skunk ( Conepatus chinga ), 
relative to traditional dense plantations (Fig.  5.9c ; 
Lantschner et al.  2012 ). Thus, landscapes with 
greater areas of sparse plantations could have 
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  Fig. 5.8    Characteristic of 
vegetation structure and 
composition of native 
vegetation, sparse plantations 
(suitable for SPS) and dense 
plantations in steppe area 
(Rusch et al.  2004 ).  Letters  
indicate statistical differences 
between vegetation types 
(α < 0.05)       

  Fig. 5.9    Abundance of wildlife species in native vegeta-
tion, sparse pine plantation, and dense pine plantations of 
NW Patagonia. ( a ) birds (Lantschner et al.  2008 ), ( b ) ants 

(Corley et al.  2006 ), ( c ) mammal carnivores (Lantschner 
et al.  2012 ), ( d ) mammal herbivores (Lantschner et al. 
 2013 )       
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strong positive effects on these two species. 
Geoffroy’s cat ( Leopardus geoffroyi ), on the other 
hand, was detected almost exclusively in native 
vegetation, and did not use either SPS or normal 
pine plantations. In contrast, the cougar ( Puma 
concolor ) was detected in dense and sparse plan-
tations as frequently as in continuous native veg-
etation (Lantschner et al.  2012 ). 

 Structural differences within vegetation types 
did not appear to have a signifi cant effect on habi-
tat selection by wild herbivore mammals 
(Lantschner et al.  2013 ). Red deer ( Cervus ela-
phus ) and wild boar ( Sus scrofa ) were more abun-
dant in pine plantations than in native vegetation, 
but no difference was observed in the use of 
dense or sparse plantations (Fig.  5.9d ). This sug-
gests that habitat selection by those species is 
shaped by the presence of an overstorey stratum, 
but not by internal differences in vegetation struc-
ture within forested and non-forested habitats. 
The European hare ( Lepus europaeus ) was much 
more abundant in fi rebreaks than in pine planta-
tions, suggesting its preference for open habitats 
(Lantschner et al.  2013 ). It should be noted that 
these three herbivore species are introduced, and 
no native herbivore species was found in the for-
ested landscapes (Lantschner et al.  2013 ). 

 Ant abundance within plantations is lower 
than in native steppe vegetation and species com-
position is impoverished (Corley et al.  2006 ). 
Moreover, the impact of plantations on ant abun-
dance and richness varies with tree canopy cover. 
Dense plantations support the lowest ant abun-
dance and species richness. In contrast, ants are 
less affected by sparser woods (Fig.  5.9b ). 
Afforestation at lower tree density sustains very 
similar overall ant abundance and species com-
position to the natural steppe vegetation (Corley 
et al.  2006 ; Sackmann et al.  2008 ). The impact of 
sparse plantations on beetles resulted in a slight 
increase in species diversity. In dense plantations 
there were major changes in beetle communities, 
with an increased abundance of a few species, 
decreased number of species, and signifi cant 
change the composition of the assemblage 
(Sackmann et al.  2008 ). 

 In conclusion, the presence of native vegeta-
tion in the understorey is one of the most impor-

tant factors determining the use of plantations by 
native wildlife species. Understorey vegetation 
may provide escape cover against predators, safe 
nesting sites, and food resources for birds. Thus 
the presence of understorey vegetation in SPS 
seems to be a key factor to favor the presence of 
most native bird species. SPS may also enhance 
biodiversity at landscape scale in these highly 
modifi ed lands, by increasing connection within 
native vegetation remnants for most sensitive 
species. With planted trees, the appearance of a 
new vertical stratum also produces new habitats 
for several groups of native species. 

 Although most information suggests that the 
impact of SPS on biodiversity in Patagonia is 
low, there is still poor information about the 
effect of livestock grazing inside plantations on 
wildlife. Grazing can cause a decrease in the 
understorey cover and diversity, and hence affect 
native plant and animal species. A major crucial 
factor that affects the dynamics and health of the 
systems is the stocking rate (Rois et al.  2006 ). In 
this sense, most information of the impact of 
sparse plantations in Patagonia is based on sites 
with a low number of livestock or without live-
stock. Further research into SPS should assess 
the effect of grazing densities on biodiversity.  

5.5.2     Water Use of Ponderosa Pine 
in Silvopastoral Systems 

 Soil water availability is one of the main growth 
limiting factors in NW Patagonia (Paruelo et al. 
 1998 ). As precipitation is concentrated during the 
cool season of the year, the annual primary pro-
ductivity produced during the warm season 
depends basically on the amount of water that the 
soil can store. A similar situation occurs in NW 
USA where ponderosa pine is found naturally. 
So, in general, this species is well adapted to this 
climatic condition, which partly explains its gen-
eral high productivity in NW Patagonia. 

 As the amount of water used by a pine planta-
tion depends on the stocking density, trees may 
show symptoms of drought stress earlier during 
the growth season in a high density plantation 
than in a SPS even when both plantations are sit-

5 Silvopastoral Systems Based on Natural Grassland and Ponderosa Pine in Northwestern...



110

uated under similar ecological conditions 
(Gyenge et al.  2003 ). Research in NW Patagonia 
found that transpiration rates were lower in SPS 
than normal plantations but remained relatively 
unchanged over the entire growing season 
(Gyenge et al.  2003 ; Licata et al.  2008 ). While 
ponderosa pine is able to take soil water from 
deeper than 1.8 m, half of the soil water used 
came from the upper 80 cm of soil (Licata et al. 
 2008 ). In SPS, the soil water patterns showed a 
similar depletion of reserves in the top 80 cm of 
soil compared to the pattern of an open grassland 
site throughout the season. However, the deeper 
soil layers become drier under SPS than in the 
grasslands during the second half of the summer 
(Gyenge  2005 ). Stable isotope analyses reveal 
that in spring and autumn, grasses in SPS use 
approximately 90 % of the water from the top 
20 cm of soil, whereas in summer, when soil 
water content is very low, this proportion 
decreases to 75 % (Fernández et al.  2008 ). In 
contrast, the water used by pines in SPS basically 
come from soil layers deeper than 20 cm 
(Fernández et al.  2008 ). In contrast, trees grow-
ing at the higher plantation densities used water 
from different soil layers, depending on its abun-
dance (Licata et al.  2008 ). During spring, about 
90 % of the water transpired came from the upper 
20 cm of soil, but this decreased to 20 % during 
autumn, which coincided with the water deple-
tion of the upper soil layers. These results sup-
port the hypotheses that pines and grasses are 
somewhat complementary in their soil water 
usage, and that pines in agroforestry systems use 
less shallow water than dense pines plantations 
(Fernández et al.  2008 ). It appears ponderosa 
pine is capable of redistributing the water in the 
soil profi le by moving water from the deeper 
moister soil layers to upper drier ones by hydrau-
lic lift (Fernández  2003 ). However, available 
studies were not able to decide if understorey 
grasses were able to use this water or if it resulted 
in a positive effect on grass growth. 

 As with individual tree productivity, trees of a 
similar size growing in plantations at low densi-
ties use more water than those growing in stands 
of high density. For example, ponderosa pine of 
30 cm DBH used about 120 l water day −1  in SPS, 

compared to 25 l day −1  in a high density planta-
tion (Gyenge  2005 ). 

 As mentioned above, trees in SPS show rela-
tively stable transpiration rates (taking into 
account the potential evapotranspiration) 
throughout the warm season (Licata et al.  2008 ). 
Sap fl ow measurements showed that trees grow-
ing at low density are capable of sustaining a 
maximum sapfl ow density of 0.55 ml cm −2  min −1  
for the 6 h of maximum radiation (Gyenge et al. 
 2003 ; Gyenge  2005 ). Trees growing at high den-
sity showed maximum values of sapfl ow density 
of about 0.2 ml cm −2  min −1  for approximately 2 h 
per day (Gyenge  2005 ). These differences indi-
cated a high hydraulic resistance in trees growing 
at high density. This stability in transpiration rate 
in SPS stands supported the stability in water use 
throughout the season. In contrast, evapotranspi-
ration in grasslands is highly variable between 
years and within seasons, depending on the 
amount of precipitation during the season 
(Gyenge et al.  2002 ; Gyenge  2005 ). 

 As we can see, both wood production and 
water consumption are higher in individual pon-
derosa pines growing in SPS than in high density 
plantations. However, wood production increases 
more than water use, indicating higher water use 
effi ciency (WUE, kg wood l −1  water) in SPS than 
in conventional forestry (Gyenge  2005 ). In a 
regional study using satellite images, Rivero 
et al. ( 2006 ) demonstrated that ponderosa pine 
plantations have higher WUE than grasses and 
shrublands (7.7 and 3.9 kg ha −1  year −1  mm −1 , 
respectively). Other studies have demonstrated 
that larger trees in the stand had higher WUE 
than smaller ones, but at stand level, WUE 
decreases or increases with intra-specifi c compe-
tition levels at sites with less or more soil water 
availability (Fernández and Gyenge  2009 ). As a 
result of differences in water use and WUE of 
trees of different sizes (i.e., with different growth 
rates), comparing stands of similar age, WUE is 
higher in those with higher mean DBH such as 
SPS. In spite of the fact that WUE is linearly 
related with the mean DBH of a stand, water use 
of the stand depends on the number of trees per 
unit area and their leaf area index (LAI) in a non-
linear function. For example, a stand with 1300 
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trees ha −1  and LAI of 6.4, transpired 3.8 mm 
day −1 , whereas on the same site SPS stands trans-
pired 3 and 2.1 mm day −1  when they had 500 
(LAI = 1.8) and 350 (LAI = 1) trees ha −1 , respec-
tively (Gyenge et al.  2011 ). Under similar eco-
logical conditions, open grassland had 
evapotranspiration of 0.9 and 2.7 mm day −1  for a 
dry or a wet season, respectively (Gyenge et al. 
 2011  and references therein). 

 As a whole, these studies indicate that SPS 
may be a way of reducing water use compared to 
traditional high density plantations and would be 
helpful if water resources have to be used for pur-
poses other than primary production activities at 
the site. Similarly, if the objective is to take the 
maximum advantage of available water resources, 
wood production under SPS would increase 
WUE. This implies that a given amount of water 
should produce more wood in SPS than in con-
ventional forestry.  

5.5.3     Silvopastoral Systems 
and Climatic Change in NW 
Patagonia 

 The Intergovernmental Panel on Climatic Change 
defi ned vulnerability “as the extent to which a 
natural or social system is susceptible to  sustaining 
damage from climate change” (McCarthy et al. 
 2001 ). In this regard, it is possible to change the 
vulnerability of a particular system by manage-
ment procedures (McCarthy et al.  2001 ). With 
forest systems, yields can be reduced from 
drought stress caused by both soil water defi cits 
and/or high atmospheric demands (McCarthy 
et al.  2001 ). In the context of global climate 
change, forecasts predict more stressful condi-
tions for some areas of the world of resulting in 
higher average temperatures and more variable 
precipitation (IPCC  2007 ). This has been seen in 
NW Patagonia where climate change has recently 
been noticed in terms of a higher frequency of 
drought events over the last two decades. 
Dendrochronological studies performed in this 
region have also demonstrated that ten severe 
drought events have occurred in the last 20 years, 
whereas only six events occurred during the pre-

vious 80 years (Mundo et al.  2010 ). This climatic 
phenomenon threatens the sustainability of natu-
ral and managed forest systems in the region. 

 In the particular case of ponderosa pine plan-
tations in NW Patagonia, Fernández et al. ( 2012 ) 
has found that during a particularly dry growing 
season, mean growth decreased by 30–38 % and 
58–65 % compared to the previous 5-years mean 
growth, in SPS vs. closed stands, respectively, 
indicating higher sensitivity in the latter. The eco-
physiological basis for these differences in sensi-
tivity to drought with pines growing under 
different plantation densities was studied by 
Gyenge et al. ( 2012 ), Gyenge and Fernández 
( 2014 ). They found higher variability in stem and 
annual leaf area growth in a high density than in 
an open stands. Those growth patterns were 
explained by differences in canopy conductance 
between trees growing under different competi-
tion levels, which in turn resulted from differ-
ences in individual water status (pre-dawn water 
potential) between treatments. Pines growing in 
high density treatments reached very low pre-
dawn water values (around −2 MPa), and they 
could not open their stomata at all for many days 
during the drought season (Gyenge and Fernández 
 2014 ). This would have decreased their C fi xa-
tion, and probably decreased their carbohydrate 
reserves, affecting their initial growth capacity in 
the following growing season (resilience to 
drought). However, the observed patterns of 
higher sensitivity to drought in the high density 
stands were opposite to those reported for the 
same species growing in managed native forests 
in USA (McDowell et al.  2006 ), where pines 
growing in dense forests were the least sensitive 
to drought, apparently as they had lower leaf area 
and a general hydraulic architecture that was 
more adapted to drought than that of trees grow-
ing in open stands. It is important to note, how-
ever, that even when variability was lower, mean 
growth was also lower in those stands than in 
open stands (McDowell et al.  2006 ). Patagonian 
ponderosa pine plantations had much higher 
growth rates than those measured by McDowell 
et al. ( 2006 ), even when their stand density index 
reached the maximum value (Gyenge and 
Fernández  2014 ). The synergy between drought 

5 Silvopastoral Systems Based on Natural Grassland and Ponderosa Pine in Northwestern...



112

and other environmental stress factors in US 
native forests might have contributed to produc-
ing the observed opposite patterns. 

 At the seedling stage, in spite of the fact that 
ponderosa pine is a species well adapted to 
drought periods within the growing season, spe-
cifi c studies analyzing the effects of the time of 
drought occurrence on growth and physiology of 
the plants showed that a drought event during 
spring reduced stem growth and biomass accu-
mulation during the occurrence of the drought 
and afterwards, even when water status and car-
bon fi xation capacity were recovered (Fernández 
et al.  2014 ). In contrast, a summer drought event 
had a signifi cant but much smaller impact on 
plant growth (Fernández et al.  2014 ). A drought 
event in spring and another one in summer, sepa-
rated by a period of good water availability in 
between, led to reduced growth (as in the spring 
drought) but also compromised plant survival 
(Fernández et al.  2014 ). This could have impor-
tant implications to plantation establishment 
depending on the pattern of drought events. 

 Available information suggests that the low 
plantation density necessary to maintain an SPS 
scheme may reduce the susceptibility to drought 
of the trees and therefore may be a management 
option for increasing forestry adaptability to cli-
mate change in Patagonian region.      
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    Abstract  

  In Patagonia, silvopastoral systems in  Nothofagus antarctica  (ñire) forest 
has become an economically, ecologically and socially productive land- 
use system. Patagonian experience with silvopastoral systems in the past 
15 years is reviewed in this chapter. The productivity and nutritive value 
(crude protein content and dry matter, DM, digestibility) of understorey 
grassland were dependent on the interaction of environmental (mainly soil 
water availability and light intensity) and system level management fac-
tors. Planned thinning in secondary forest stands provide wood production 
and also improve the undestorey DM production by increasing incoming 
radiation. Within a Management Plan, two thinning intensities, depending 
on stand water stress conditions, are proposed. In addition, the use of 
Reineke’s Stand Density Index (SDI) is recommended to be used when 
deciding thinning intensities for different canopy covers. Livestock pro-
duction is the main source of annual income from silvopastoral systems in 
 N. antarctica  forest where cattle and mixed livestock production (cattle + 
sheep) is the main activity. Animal performance at the whole-farm scale is 
described by comparing a traditional extensive grazing management with 
an adaptive silvopastoral management. The management factors that favor 
adoption of silvopastoral system are strategic separation of homogenous 
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areas (grass steppe, forest and riparian meadows), stocking rate adjust-
ments based on grassland net primary productivity and the protection of 
regeneration from herbivores browsing by using individual tree guard. 
Also, data from litter decomposition, nutrients dynamic and carbon stor-
age are informed. Finally, aspects related to criteria and indicator (C&I) to 
assess ñire forest’s sustainability under silvopastoral use and biodiversity 
conservation issues are also presented.  

  Keywords  

  Animal production   •   Biodiversity conservation   •   Carbon storage   •   Nutrients   
•   Nutritive value   •   Silviculture   •   Understorey grassland  

6.1       Introduction 

 Patagonia region includes fi ve provinces 
(Neuquén, Río Negro, Chubut, Santa Cruz and 
Tierra del Fuego) with an area of 197 million 
hectares and extends from latitudes 37 to 52° 
30′ S (Fig.  6.1 ). There are four main ecosystems 
within the region: the steppe (representing ~93 % 
of total area) where extensive sheep production is 
the main activity, the Andes Mountains where 
most of the native forests grow (~1.8 %), the eco-
tone defi ned as forest-steppe boundary (~3.7 %), 
and the valleys (~1.5 %) where agricultural pro-
duction is an important alternative (Peri  2009a ).

   Rainfall decreases from 4000 to 200 mm year −1  
from west to east across the Andes Mountains that 
act as an orographic barrier to moist winds com-
ing from the west. This distinct precipitation gra-
dient, together with local edaphic and topographic 
variations, substantially infl uences patterns of 
vegetation distribution. In the late 1800s, agricul-
tural activities in the ‘Pampas’ region near Buenos 
Aires expanded rapidly, and as a result, livestock 
production (mainly sheep) was pushed into mar-
ginal areas such as Patagonia (Table  6.1 ). Erosion 
and degradation processes have occurred in sev-
eral areas of Patagonia due to an overestimation 
of the carrying capacity of these rangelands, inad-
equate distribution of  animals in very large and 
heterogeneous paddocks, and year-long continu-
ous grazing (Golluscio et al.  1998 ). There are 
more than 6.5 million hectares affected by deserti-
fi cation (del Valle et al.  1995 ), where annual pas-
ture production does not exceed 40 kg DM ha −1 .

   The southern beech, ñire ( Nothofagus antarc-
tica  (G. Forster) Oerst.), one of the main decidu-

ous native species in this area, covers 751,640 ha 
(SAyDS  2005 ) and where much of the silvopas-
toral activity is concentrated. These forests occur 
naturally in different habitats such as poorly 
drained sites at low elevations, exposed windy 
areas with shallow soils, depressions under cold 
air infl uence, or in drier eastern sites near the 
Patagonian steppe (Veblen et al.  1996 ). 
Approximately 70 % of ñire native forest in 
Patagonia has been used as silvopastoral systems 
(Peri  2012a ). Silvopastoral systems, that com-
bine trees and grasslands or pastures under graz-
ing in the same unit of land, became an 
economical, ecological and social productive 
alternative in Patagonia. These systems can pro-
vide diversifi cation of farm income, either 
directly from the sale of timber and animals, and/
or indirectly by the provision of stock shelter, 
enhancing animal welfare, and benefi cial effects 
on soil conservation. There are ecological and 
economic interactions (positive and/or negative) 
between the woody, non-woody and animal com-
ponents of the system. This sustains mainly the 
sheep and cattle production, and secondly pro-
vides a range of wood products including poles, 
fi rewood and timber for rural construction pur-
poses (Peri  2005 ). Several silvopastoral produc-
tion systems coexist in this region, with small 
farmers utilizing public lands in northern 
Patagonia, medium and large landowners 
ensconced in southern Patagonia and settler and 
native communities in National Parks arid 
Protected Areas (Somlo et al.  1997 ). 

 In the last few years, management plans or leg-
islation to maximize the forest’s sustainable bene-
fi ts have been included (Peri et al.  2009a ). The 
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proposal involved with the development of a 
Management Plan for native ñire forests under a 
silvopastoral use that included, for example, for-
estry inventories, silvicultural practices, adjust-
ment of stocking rates based on pasture assessments 
and strategies to achieve forest regeneration. The 
management plan also included guidelines envi-
ronmental quality conservation, such as adequate 
road density plan, biodiversity maintenance and 
conservation of water quality in streams. 

 This chapter reviews research results and main 
management practices related silvopastoral systems 
in ñire forest in the temperate region of Patagonia.  

6.2     Understorey Component 

 The productivity and nutritive value of a pasture 
in a silvopastoral system is dependent on the 
interaction of environmental and management 

  Fig. 6.1    Main ecosystems of the Argentine Patagonian region       
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factors, and in turn determines animal perfor-
mance. For grasslands, under a defi ned light 
regime, the main determinants of growth are tem-
perature, water, nitrogen and regrowth duration 
(Peri et al.  2006a ). The main aspects of the 
incoming radiation, which are modifi ed by trees 
and affect dry matter (DM) production of the 
understorey are the light intensity and light qual-
ity (Peri et al.  2007 ). The extent of the effects of 
the environmental and management factors on 
DM production and pasture nutritive value 
depend on seasonal changes and development of 
trees over time. 

6.2.1     Understorey Dry Matter 
Production 

 In the last 15 years, several studies in Patagonia 
have evaluated the understorey dry matter (DM) 
production in ñire silvopastoral systems under a 
wide range of environmental conditions 
(Table  6.2 ). The DM production in these ecosys-
tems ranges from 140 to 3760 kg DM ha −1 .

   Furthermore, in ñire silvopastoral system, it 
has been demonstrated that the productivity of 
pasture is dependent on the interaction of soil 
water availability and light intensity reaching the 
understorey sward (Peri  2005 ; Peri et al.  2005b ). 
For pasture growing in moderate water stress site 
conditions, there is a positive exponential rela-
tionship between DM production and the light 
reaching pasture, decreasing from 2800 kg DM 
ha −1  in the open (100 % transmittance) to 500 kg 
DM ha −1  under sever shade (5 % transmissivity) 
(Fig.  6.2a ). In this condition trees in silvopastoral 
systems may reduce soil moisture by creating a 

rain shadow, direct interception of rainfall and 
root competition. The proportion of fi ne roots 
(≤2 mm diameter) of ñire trees are mostly con-
centrated in the 10–50 cm soil depth which is 
also where 95 % of pasture species roots are dis-
tributed (Peri et al.  2006b ; Peri  2011 ). Thus, 
competition between tree and pasture roots for 
water will occur whenever soil moisture drops 
below fi eld capacity. However, under severe 
water stress conditions pasture production 
increased from 5 to 47 % transmissivity and then 
reached a maximum value of 1400 kg DM ha −1  
around 50–60 % transmissivity (Fig.  6.2a ). Dry 
matter production then declined with a reduction 
in tree number of the silvopastoral system that 
increase light intensity reaching the understorey 
layer. In these dry conditions, intermediate crown 
cover may conserve soil moisture through a 
reduction in evapotranspiration mainly by reduc-
ing wind speed within the stand. Wind speed (of 
great importance in Patagonia) is reduced in ñire 
forest up to 80 % compared with adjacent open 
areas (Bahamonde et al.  2009 ).

   Other study evaluated the dry matter produc-
tion of grasses in different radiation levels and its 
variation over time, in ñire forests under silvopas-
toral use growing in contrasting environmental 
(photosynthetic active radiation, air and soil tem-
perature, relative air humidity and soil moisture) 
conditions in Southern Patagonia (Bahamonde 
et al.  2012a ). The authors reported that the forage 
production was negatively correlated with site 
class (Fig.  6.2b ). The effect of environmental vari-
ables over forage production depended on each 
site and year; however in most cases the aboveg-
round biomass inside the forest was equal or 
higher than that of the adjacent areas without trees. 
The results suggest that silvopastoral use of ñire 
forests at intermediate crown covers may be desir-
able from the standpoint of forage production. 

 Understorey DM production response to thin-
ning and pruning has been evaluated previously 
for main woodlands types in Chubut (Fertig et al. 
 2007 ,  2009 ). While in high ñire woodlands, DM 
production after 4 years of forest intervention 
increased 977 kg DM ha −1  year −1  compared with 
non-intervened forests, in shrubby woodland, the 
increase was 45 kg DM ha −1  year −1  (Table  6.3 ).

   Table 6.1    The increment in livestock numbers in the 
Patagonian Region, Argentina, between 1895 and 2008   

 Year  Sheep  Cattle  Goats  Horses 

 1895  1,790  297.1  79.3  117.3 

 1988  13,255  756.4  1,252.2  236.1 

 2002  8,193  896.1  959.8  196.1 

 2008  8,335  917.9  924.8  151.9 

  Source: National Agricultural Census, National Institute 
of Statistics and Censuses, INDEC 
 Values are ‘000s of animals  

P.L. Peri et al.
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6.2.2        Grassland Assessment 
at Paddock Level 

 Determining stocking rates is one of the most 
important decisions in developing a grazing plan 
for silvopastoral systems. In Southern Patagonia 
(Santa Cruz and Tierra del Fuego provinces), a 
method has been developed for carrying capacity 
estimation in  N. antarctica  forests under 
 silvopastoral use at paddock level (Peri  2009b ). 
The Ñirantal Sur (Saint George) method is based 
on the Potential Aboveground Net Primary 
Production (PANPP) estimation for different for-

est conditions and date of use (spring or biomass 
peak, summer, autumn and winter), weighted by 
the area of each homogenous forest unit. This 
method is easy to use because it only needs three 
fi eld measurements for PANPP estimation (Table 
 6.4 ): crown cover (CC), site class expressed as 
the mean height of dominant trees (SC) and wood 
debris cover (D). PANPP ranged from 85 (grass-
land grown in a SC III forest, CC of 5–30 % and 
D of 30–50 % in winter) to 2200 kg DM ha −1  
year −1  (grassland grown in a SC I forest, CC of 
5–30 % and D of 5–10 % in spring). Details about 
fi eld measurements and sampling intensity and 

   Table 6.2    Mean annual dry matter (DM) production in ñire silvopastoral systems under different environmental condi-
tions in main Patagonian provinces   

 Province  Main site characteristics  kg DM ha −1   Source 

 Río Negro (41° 39′ SL)  Two locations and three stand 
densities (low density was 300–400 
trees ha −1 ) 

 470–2173  Somlo et al. ( 1997 ) 

 1106–2575  Sarasola et al. ( 2008a ) 

 Two soil moisture condition and 
two crown cover (30 and 60 %) 

 Chubut (42° 54′ SL)  Humid (tree dominant high 15 m) 
and dry (4 m) stands with 
contrasting crown cover 

 186–2002  Fertig et al. ( 2007 ,  2009 ) 

 Santa Cruz (50° 33′–51° 
19′ SL) 

 Different radiation levels in 
contrasting environmental 
conditions 

 140–3180  Peri et al. ( 2005a ) and 
Bahamonde et al. ( 2012a ) 

 Tierra del Fuego (54° 
10′–54° 21′ SL) 

 Different radiation levels in 
contrasting environmental 
conditions 

 250–3760  Peri et al. ( 2005a ) and 
Bahamonde et al. ( 2012a ) 
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  Fig. 6.2    ( a ) Mean dry matter (DM) grass understorey 
production in ñire silvopastoral systems under different 
light intensities (determined by a gradient of crown cover) 
and adjacent open areas (100 % transmissivity). Severe 
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errors are provided in Peri  2009c . An indepen-
dent validation (n = 20) indicated that this method 
accounted for 83 % of the variation in PANPP.

   Based on PANPP of this grassland assessment 
method (Table  6.4 ) and energy concentration val-
ues from digestibility data of understorey at dif-
ferent site classes, crown cover and seasons, the 
carrying capacity was estimated in ñire forests 
under silvopastoral use in Southern Patagonia 
(Bahamonde and Peri  2013 ). To quantify the 
energy requirements of sheep we used the 
“Equivalente Oveja Patagónico” (EOP) concept, 
which is defi ned as the mean energy requirement 
on an annual basis of a sheep 49 kg live weight at 
service, sheared in September, that feat or feed 
and wean a lamb of 20 kg live weight during 100 
days. The carrying capacity in ñire silvopastoral 
systems varied according to site class, crown 
cover, woody debris and season of the year. For 
example, for CC between 30 and 60 %, in sum-
mer, the carrying capacity ranged between 27 and 
9 EOP ha −1  30 day −1  in forests growing at the best 
and poorest site class, respectively. In the same 
situations but in winter, the carrying capacity 
fl uctuated between 16 and 6 ha −1  30 days −1 . This 
information is important as basis to determine the 
stocking rate in ñire forest under silvopastoral 
use with a nutritional criterion. However, for an 
adequate estimation of the stocking in these sys-
tems it is necessary to fi nd a balance between the 
nutritional requirements of the animals and the 
conservation of soil and regeneration of the tree 
stratum. Therefore, this new grassland assess-
ment method is showing promise and is being 
recommended for  N. antarctica  ecosystems as it 
also provides an objective technique that avoids 
overestimation of carrying capacity.  

6.2.3     Forage Feeding Value 

 It is well recognised that feeding value of forage 
is defi ned as the animal production response to 
the total herbage consumed, which is a function 
of voluntary intake, digestibility and effi ciency of 
use of absorbed nutrients. Digestibility is one of 
the major components of nutritive value because 
it defi nes quantitatively the nutrient availability 
per unit of feed intake. 

 Peri and Bahamonde ( 2012 ) evaluated the 
monthly variation in understorey organic matter 
digestibility (OMD) in ñire silvopastoral systems 
growing at four contrasting environments (domi-
nant tree height from 5 to 12 m) with different 
crown covers and also in adjacent areas without 
trees in Southern Patagonia. Values of understo-
rey OMD in these ecosystems ranged from 43.7 
to 78.5 % depending on the site, time of the 
growing season and light intensity being lower in 
dry summer period. Analysing the mean annual 
digestibility in grasses measured parameters such 
as photosynthetic photon fl ux density (PPFD) in 
the 400–700 nm waveband and relative humidity 
did not have any signifi cant (P > 0.05) effect on 
OMD, however, the mean soil volumetric water 
content (VWC) in the top 30 cm and air and soil 
temperature were the main factors infl uencing 
OMD variation (Table  6.5 ). Similarly, Peri et al. 
( 2007 ) reported small differences between open 
and shaded treatments for OMD in cocksfoot 
pastures. In Chubut, understory (grasses and 
herbs) grazed by livestock in ñire silvopastoral 
systems during summer showed a mean dry mat-
ter digestibility of 57.8 ± 1.7 %, but this decreased 
during winter (mean value of 48.2 ± 1,9 %) when 
ñire forests are used as deferred forage (Fertig 
et al.  2009 ). Many results have shown that in vitro 
digestibility of grasses is reduced under low light 
intensity and this is associated with reduced 
digestibility of cell wall constituents (Hight et al. 
 1968 ). However, other studies have obtained less 
conclusive results with both increases and 
decreases in digestibility of herbage grown in a 
shaded environment (East and Felker  1993 ; 
Senanayake  1995 ).

   Linear relationship (y = −4.8 × + 78.5; 
P < 0.001; R 2 : 0.84) between OMD% and site 

   Table 6.3    Forage dry matter production (kg DM ha −1  
year −1 ) after 3–4 years of ñire forest intervention (pruning 
and thinning) for different woodlands types in Chubut 
province   

 Treatment 
 High 
woodland 

 Middle 
woodland 

 Shrubby 
woodland 

 Control  791 ± 111  457 ± 103  101 ± 18 

 (n = 12)  (n = 25)  (n = 12) 

 Intervention  1768 ± 499  769 ± 222  146 ± 32 

 (n = 15)  (n = 10)  (n = 12) 

P.L. Peri et al.
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classes (1–5) indicated highest values in the best 
forest sites. In conclusion, the interaction of the 
environmental variables that determined the pro-
ductive capacity of the forest (clime, soil) also 
affected the OMD values of the understorey 
grasses. 

 On another hand, it has been reported that 
mean annual undestorey crude protein content 
(CP%) in four sites of ñire forest under silvopas-
toral use in Southern Patagonia ranged from 8.2 
to 12.2 % (Peri et al.  2005a ). In these ecosystems, 
mean values of CP percentage increased as light 
intensity declined from 9.9 % in open (100 % 
light transmission) to 11.2 % under severe shade 
(10 % transmissivity) showing an interaction 
(P < 0.05) with site quality. The increase in CP% 
as PPFD declined may be attributed to either a 
decrease in photosynthates, with a consequent 
rise in the nitrogen concentration, or to an 
increase in soil organic matter mineralisation 
under trees that provided more nitrogen for grass 
uptake (Peri et al.  2007 ). Also, the CP% of 
grasses in ñire silvopastoral systems at different 
radiation levels and its variation over time, 
 growing in contrasting environmental conditions 
in Southern Patagonia has been reported previ-
ously (Bahamonde et al.  2012a ). In this study, 
there was a seasonal decrease in CP percentage 
when water stress was severe during the summer 
period (December–February) (Fig.  6.3 ). There 

was an interaction (p < 0.05) in CP percentage 
between light intensities and site quality being 
higher in grasses growing under severe shade 
(~25 % transmissivity) and low site quality 
(Fig.  6.3 ). Fertig et al. ( 2009 ) reported that CP% 
decreased from 8.9 % in unmanaged ñire stand to 
6.9 % in thinned silvopastoral stand (50 % crown 
cover) in the northwest of Chubut province due to 
mainly a dilution of mass-based leaf N in under-
storey higher DM growth rate.

6.2.4        Improved Pasture in Ñire 
Silvopastoral Systems 

 One approach to improve forage availability and 
quality in spite of local precipitation in ñire silvo-
pastoral systems is to introduce high productive 
forage species. Therefore, the introduction of 
legumes is important because they can serve dual 
purpose; a source of nitrogen and high quality 
forage for animal grazing. Peri et al. ( 2005a ) 
reported that the pasture production can be 
increased by 20–35 %, depending on light avail-
ability, in silvopastoral systems through the intro-
duction of mixed improved pastures, in which 
clover made up 32 % of the annual dry matter. 
Furthermore, Peri et al. ( 2012a ) evaluated the 
monthly production and quality of pasture (crude 
protein, %CP and in vitro digestibility) during 

   Table 6.5    Coeffi cient of determination (R 2 ) from simple 
linear regression between organic matter digestibility 
(OMD) and main environmental variables ( PPFD  photo-
synthetic photon fl ux density,  MAT  mean annual tempera-

ture,  MST  mean soil temperature,  RH  relative humidity, 
 VWC  mean soil volumetric water content at 0–30 cm 
depth) at different locations in Southern Patagonia   

 Site  PPFD  MAT  MST  RH  VWC 

 Cancha Carrera a   0.002 ns  −0.46***  −0.48***  0.130*  0.61*** 

 Tres Marías b   0.001 ns  −0.30***  −0.43***  0.040 ns  0.39*** 

 Catalana c   0.002 ns  −0.33***  −0.30***  0.012 ns  0.19** 

 Indiana d   0.005 ns  −0.24**  −0.25**  0.01 ns  0.20* 

  Linear regression signifi cance, *P < 0.05, **P < 0.01 
  ns  not signifi cant 
  a Location: 51° 13′ 21″ SL, 72° 15′ 34″ WL (Santa Cruz province), Site Class IV: mean height of dominant trees 6−8 m, 
mean annual temperature (MAT): 6.1 °C, mean annual precipitation (MAP): 360 mm 
  b Location: 51° 19′ 05″ SL, 72° 10′ 47″ WL (Santa Cruz), Site Class V: <6 m, MAT: 5.8 °C, MAP: 320 mm 
  c Location: 54° 10′ 50″ SL, 67° 16′ 02″ WL (Tierra del Fuego province), Site Class II: 10−12 m, MAT: 4.3 °C, MAP: 
430 mm 
  d Location: 54° 21′ 47″ SL, 67° 27′ 05″ WL (Tierra del Fuego), Site Class II: 10−12 m, MAT: 4.8 °C, MAP: 480 mm  
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the 2007–2008 and 2008–2009 growing seasons 
(October–April) improved with  Trifolium repens  
(white clover) growing under different light lev-
els (20 and 70 % transmissivity) in a ñire silvo-
pastoral system and in an adjacent pasture 
without trees (100 % transmissivity) at Punta 
Gruesa, Río Turbio, Santa Cruz province (51° 33′ 
10″ SL, 72° 07′ 35″ WL). Total dry matter pro-
duction varied according to light level being 
higher with 70 % transmissivity and in the open 
compared with the pasture grown under 20 % 
transmissivity related to better soil moisture con-
ditions (Table  6.6 ). With rotational grazing clover 
survived well, contributing between 33 and 41 % 
of the total annual yield. In these ecosystems, 
maximum white clover growth rate occurred in 
January with values of 7.5, 9.4 and 12.9 kg DM 

ha −1  day −1  for 20, 70 and 100 % transmissivity, 
respectively (Fig.  6.4 ). While pasture CP% 
decreased at low light intensities, digestibility 
was infl uenced only by soil water content at the 
upper 20 cm depth. These results highlighted the 
adaptation of white clover to ñire silvopastoral 
systems and their ability to improve the quality of 
natural pastures.

    In order to increase forage DM production in 
post-fi re intermediate ñire woodlands in Chubut, 
strip clear-cutting (9 m wide separated by 20 m 
forest) were sown with consociated  Dactylis 
glomerata  –  Festuca sp .-  Trifolium pratense  pas-
tures (Hansen et al.  2013a ). This increased the 
DM production up to 2178 kg DM ha −1 . However, 
the environmental impact of this practice has not 
been evaluated.  
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  Fig. 6.3    Understorey crude protein (CP%) over time for 
three shade conditions at two contrasting silvopastoral 
sites ( a ) Catalana station, 54° 10′ 50″ SL, 67° 16′ 02″ WL, 
Site Class II: mean height of dominant trees 10–12 m, 
MAT: 4.3 °C, MAP: 430 mm; ( b ) Tres Marías station, 51° 
19′ 05″ SL, 72° 10′ 47″ WL, Site Class V: <6 m, MAT: 5.8 

°C, MAP: 320 mm) in ñire forest (Southern Patagonia, 
Argentina): open (100 % transmissivity), between trees 
crown (~50 % transmissivity) and under trees (~25 % 
transmissivity). Different letters within a date indicate sig-
nifi cant differences based on Tukey test at 0.05 
probability       

   Table 6.6    Total yield and botanical composition (kg MS 
ha −1  año −1 ) of improved pasture with White clover 
( Trifollium repens ), and mean crude protein values (%PB) 
and in vitro digestibility (%DIVMO) during two growing 

seasons (2007–2008 and 2008–2009) in ñire silvopastoral 
systems (SS) with 20 and 70 % transmissivity and adja-
cent open sites (100 % transmissivity) in Southern 
Patagonia   

 Clover  Herbs  Grasses  Senescent  Total yield  PB  DIVMO 

 (kg DM ha −1  year −1 )  (%)  (%) 

 Open  1380 a  620 ab  1020 a  710 a  3730 a  20.9 a  79.2 a 

 SS 70 %  1360 a  990 a  890 a  830 a  4070 a  20.3 a  80.2 a 

 SS 20 %  890 b  480 b  410 b  390 b  2170 b  18.1 b  79.1 a 

  Values with different letters within a column are signifi cantly different based on Tukey test at 0.05 probability  
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6.2.5     Simulation Model of DM 
Production and CP% 
of Grasses 
under Silvopastoral Use 

 The complexity of a silvopastoral system, in 
terms of factors that interact with each other, 
makes it diffi cult to interpret the effects of several 
factors acting simultaneously on the results of 
forage DM production or its crude protein (CP%) 
concentration, even more when these “results” 
change over time. To improve the understanding 
of these processes a tool that integrates existing 
information with systems approach is required, ie 
studying the relationships between variables con-
nected to each other through causal relationships, 
including feedbacks between variables 
(Haraldsson  2000 ). This systemic approach also 
allows describing the dynamics (change over 
time) of the variables and/or relationships 
(Haraldsson and Sverdrup  2004 ). In this context, 
Bahamonde et al. ( 2014 ) generated a simulation 
model of DM production and CP% of forage in 
 N. antarctica  silvopastoral systems (Fig.  6.5 ), 
using the software STELLA, which simulates the 
systems dynamics through fl ows and accumula-
tions. This model considered environmental vari-
ables (air and soil temperature, air humidity, soil 
moisture, site quality, crown cover) and it was 
focused at stand level of homogeneous even aged 
ñire forest under Southern Patagonia conditions. 
To test the model, an independent validation was 
carried out by comparing real values of dry mat-

ter and crude protein with estimated values from 
the model. The results had a signifi cant lineal 
correlation for DM (R = 0.52; p < 0,001, average 
underestimation 22 %) and CP (R = 0.47; 
p < 0,001, average overestimation 24 %). 
Bahamonde et al. ( 2014 ) concluded that the 
results of the simulations were coherent with 
empirical data in regard to the environmental 
variables and management of the stand affecting 
DM and CP% of the understory, and suggested 
that the model is acceptable for use as a guiding 
tool in the management of understorey grasses in 
ñire forests.

6.3         Tree Component 

 Large-scale canopy disturbance in  N. antarctica  
forests may occur mainly as a result of blowdown 
in small gaps scale, and to a lesser extent from 
snow and/or fi re damages resulting from human 
activities. This contributes to abundant regenera-
tion both from seed and/or root sprouts (e.g., 
100,000 seedlings ha −1  less than 1 m tall and 20 
years of age) followed by self thinning due 
mainly to light competition resulting in a fi nal 
stand density of 200–350 trees ha −1  in a matured 
forest (more than 180 years of age). In the prov-
ince of Chubut, it is possible to distinguish three 
types of ñire woodland with particular character-
istics and uses (Quinteros et al.  2010 ). These 
types of ñire woodlands differ from the ones 
found in the province of Rio Negro (Reque et al. 
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 2007 ). For example, high woodland is character-
ized by tall trees (8–12 m height) with a mean 
tree density from 500 to 2000 trees ha −1 , large 
tree diameters (quadratic mean diameter, QMD, 
19.3 ± 1.2 cm) and high canopy cover (>75 %). 
This type of woodland is mainly covered by a 
non-regular forest with gaps where tree regenera-
tion relies on mast seeding years and mainly used 
for wood or fi rewood production. However, when 
gaps are created by harvesting, the patches 
became grasslands for livestock grazing. Middle 
ñire woodlands are the main forest type cover in 
Chubut is characterised by a regular structure, a 
tree density of 1500–3000 trees ha −1 , mean domi-
nant height of 7.3 ± 0.8 m and 15–30 m 2  ha −1  
basal area. This forest type is mostly used as sil-
vopastoral systems due to more opened canopy 
(50.1 ± 7.7 %) that allows a higher radiation 
reaching understory and grass production 
(Hansen et al.  2008 ) and timber from harvesting 
used mainly for fi rewood due to smaller tree 
diameters (QMD = 12.7 ± 0.8 cm) with a conse-
quent lower economic income. In contrast, 
shrubby ñire woodlands on shallow soils with 
rock near surface are characterized by smaller 
trees (<4 m height, QMD <12 cm) and the tree 
density is more than 3000 trees per hectare. In 
these types of woodlands silvopastoral systems 

are not established due to limitations in forage 
production (light and soil limitations). In Santa 
Cruz most of the forest (>60 % of total area) cor-
respond to irregular structure (uneven-aged 
stands), they are at mature growth developing 
phase (>100 years), growing in low site quality 
(dominant height <8 m), having and average 
basal area of 10–40 m 2  ha −1  and <150 m 3  ha −1  
total volume (Peri and Ormaechea  2013 ). In 
Tierra del Fuego, around 55 % of ñire forest are 
characterised by a complete canopy cover (80–
100 %) from mature (>100 years) or young 
growth phase (50–100 years) stands, demonstrat-
ing 7–9 m of mean dominant height and a basal 
area of 10–40 m 2  ha −1  (Collado  2009 ). 

 For silvopastoral systems, planned thinning 
in secondary forest stands may reduce the time 
required to yield products of a desired quality, 
contribute to concentrated growth on selected 
trees and thereby increase wood production and 
also improve the undestorey DM production 
(and consequently increase animal production) 
by increasing incoming radiation (Peri et al. 
 2004 ). In this context, information from provin-
cial inventories indicate that there are approxi-
mately 21,480 ha in Santa Cruz province (13.5 % 
of total forest area) and 108,430 ha in Tierra del 
Fuego province (59 % of total forest area) of 
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  Fig. 6.5    Loops diagram describing the relationship between different components in a simulation model predicting dry 
matter production and crude protein concentration in grasses in a silvopastoral system with  Nothofagus antarctica        
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natural forests with high percentage of canopy 
cover (>70 %) resulting from potential thinning 
practices (Fig.  6.6 ) (Collado  2009 ; Peri and 
Ormaechea  2013 ).

6.3.1       Regeneration 

 Since there are positive and negative interactions 
among trees, pasture and livestock, proper silvo-
pastoral system practices aim to encourage the 
positive interactions in order to ensure tree regen-
eration for long-term viability (Peri et al.  2009a ). 
One of the main ecological indicators that defi ne 
the success of some forestry proposal is the effec-
tive establishment of natural regeneration to 
ensure the continuity of the tree layer (Martínez 
Pastur et al.  2009 ). Seedling stage constitutes the 
earliest and most critical stage of the tree life 
cycle. It also defi nes the capacity of forest eco-
systems to sustain itself in time and space. Under 
natural conditions there are several limitations 
for forest regeneration, from fl owering stage to 
seedlings establishment and survival (Jordano 
et al.  2008 ; Soler et al.  2013 ). These limitations 
could be intensifi ed in those forests impacted by 
productive activities. Usually studies related to 
regeneration limitations emphasize two main 

components: (i) seed availability, and (ii) estab-
lishment limitations due to reduction of suitable 
microsites (Clark et al.  1999 ). Regarding the fi rst 
component,  N. antarctica  forests in Southern 
Patagonia produces millions of seeds each year, 
through cyclical masting periods (Cuevas  2000 ; 
Monks and Kelly  2006 ), with high variability 
among stands (spatial variation at stand level) 
and between years (temporal variation) 
(Bahamonde et al.  2011 ,  2013a ; Soler et al. 
 2013 ). In Santa Cruz and Tierra del Fuego strong 
inter-annual variation of seed production has 
been recorded in forests with silvopastoral use, 
ranging from 1–40 million to 1–56 million seeds 
ha −1 , respectively (Fig.  6.7 ). Such production in 
Santa Cruz did not show differences with unman-
aged primary forests, where the mean production 
and inter-annual variations showed similar pat-
terns than in managed sites. On the other hand, in 
Tierra del Fuego fruiting and seed production 
were more successful in unmanaged forests. A 
reduction of basal area in silvopastoral stands 
generated 40–50 % of empty seeds, which greatly 
reduces the natural potential for installation at 
early stage of the regeneration process. Empty 
seeds could be due to self-incompatibility. As 
noted in previous studies,  Nothofagus  species 
prevent inbreeding among populations with 

  Fig. 6.6     Nothofagus antarctica  forests and their natural 
associate environments in Southern Patagonia:  1  old- 
growth closed forests,  2  old-growth open forests,  3  sec-

ondary forests,  4  forest advances over grasslands,  5  forest 
advances over peatlands,  6  grasslands,  7  riparian forests in 
a small stream, and  8  peatlands       

 

P.L. Peri et al.



129

  Fig. 6.7    Seeding patterns and natural regeneration dynamic of  Nothofagus antarctica  in primary unmanaged forests 
(PF) and silvopastoral systems (SSP) in ( a ) Santa Cruz, and ( b ) Tierra del Fuego, Argentina       
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 similar genetic structure through barriers to avoid 
fertilization (Donoso et al.  2006 ). These barriers 
would be highlighted by environmental stress 
(Steinke et al.  2008 ), induced by microclimatic 
changes generated by forest thinning. Although 
silvopastoral management did not increase such 
losses according to previous studies, it is possible 
that the proportion of empty seeds could increase 
after more severe interventions (e.g., high- 
intensity thinning). Also, the percentage of viable 
seeds is very low and ranged from only 8.5–29 % 
of full seeds in Santa Cruz and 11–30 % in Tierra 
del Fuego. Thus,  N. antarctica  is considered one 
of the species with the lowest viability rate within 
the  Nothofagus  genus (Cuevas  2000 ; Burgos 
et al.  2008 ; Martínez Pastur et al.  2013 ).

   Regarding to the second component, there is 
evidence to indicate that canopy opening in silvo-
pastoral systems modifi es biotic and abiotic fac-
tors in  N. antarctica  forests (Bahamonde et al. 
 2009 ; Soler et al.  2013 ) and thereby infl uence the 
micro site quality for seedling installation and 
survival. Natural dynamics of  Nothofagus  forests 
is associated with small canopy disturbances 
(gaps), which stimulate the growth of seedlings 
established in the forest fl oor (Rebertus and 
Veblen  1993 ), by increasing the resource avail-
ability (e.g., solar radiation, soil moisture, nutri-
ents dynamic) (Heinemann et al.  2000 ). However, 
canopy opening in silvopastoral systems may 
also generate more drastic changes on the origi-
nal overstory (e.g., 50 % canopy openness), and 
therefore the success of natural regeneration 
could be negatively affected. Recent studies car-
ried out in  N. antarctica  forests of Santa Cruz, 
showed that higher seedling installation occurred 
in forests with silvopastoral use compared to pri-
mary unmanaged forests. The installation rate 
ranges from 10 to 270,000 seedlings ha −1 , being 
the highest values in the best quality sites. But, 
commonly at the end of the growing season, the 
survival rate is low (<5 % of survival). On the 
other hand, in Tierra del Fuego, every year 
installed seedling survives and they range from 2 
to 270,000 seedlings ha −1  in primary unmanaged 
forests, and 1–175,000 seedlings ha −1  in forests 
under silvopastoral use. In this site, the fi rst year 
the survival rate was 15–38 %, which contributed 

to a well established seedling bank where total 
seedling densities, after 4 years of monitoring, 
varied from 54,000 seedlings ha −1  in primary 
unmanaged forests to 93,000 seedlings ha −1  in 
silvopastoral stands (Fig.  6.7 ). 

 Survival of seedlings and saplings depends on 
the species’ ecophysiological traits.  N. antarctica  
is considered less ‘shade tolerant’ from a physio-
logical perspective compared to other closely 
related species such as  N. pumilio  (Peri et al. 
 2009b ). It provides competitive advantages for this 
tree species to grow in open areas. Recent study in 
Tierra del Fuego has demonstrated the success of 
seedling establishment and survival at the sapling 
stage in managed stands indicating the advantage 
of  N. antarctica  for the  implementation of silvo-
pastoral systems (Soler et al.  2013 ). According to 
this study, the mean height of seedlings (Fig.  6.7 ) 
was very similar between unmanaged primary for-
ests (10.5 cm at 6 years old) and in silvopastoral 
stands (11.5 cm at 8 years old). On the other hand, 
domestic livestock can also have a signifi cant 
infl uence on tree regeneration. Using enclosed test 
plots in silvopastoral systems in Tierra del Fuego, 
it was possible to observe an increase in seedlings 
density three times higher (295,000 seedlings ha −1 ) 
than unprotected sectors (102,000 seedlings ha −1 ). 
Another experiment in Santa Cruz using individ-
ual protections on advanced regeneration demon-
strated higher mean annual growth of protected 
(10.1 cm in height) than unprotected saplings 
(0.4 cm in height), mainly after the installation of 
enclosures in the second year. Also, Echevarria 
et al. ( 2012 ) determined that high animal stocking 
rate (>0.6 bovine units ha −1  year −1 ) affected nega-
tively the survival, growth, crown shape (shrubby) 
and health of ñire regeneration in silvopastoral 
systems at northwest of Chubut. On the contrary, 
low to moderate stocking rate (<0.16 bovine units 
ha −1  year −1 ) during summer range allows ñire to 
recover from cattle browsing through a compensa-
tory growth mechanism. Also, in Chubut, Tejera 
et al. ( 2005 ) reported a gradient of ñire seedlings 
establishment at different crown covers varying 
from 2 to 80 seedlings m −2  in the adjacent open site 
at 10 m from trees and between crowns of a silvo-
pastoral system, respectively. However, after the 
fi rst growing season, grazing and environmental 
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conditions determined the survival rate and there 
was more than 90 % seedling mortality rate. There 
is a general consensus in Patagonia on the need to 
control effectively the damage induced by live-
stock (e.g., browsing, trampling) on natural regen-
eration in silvopastoral plans (Tejera et al.  2005 ; 
Reque et al.  2007 ; Peri  2009d ; Echevarria et al. 
 2012 ; Peri and Ormaechea  2013 ), in order to carry 
out a sustainable forest management for  N. antarc-
tica  forest. 

 Another less known regeneration strategies of 
 N. antarctica , is the great ability of agamic regen-
eration (e.g., stump regrowth and suckers from 
roots) under natural conditions (Steinke et al. 
 2008 ), which represents a reproductive advan-
tage over the other  Nothofagus  species. Under 
some natural conditions in which  N. antarctica  
lives (e.g., peatlands), regrowth is the only way 
of reproduction (Donoso et al.  2006 ). Vegetative 
reproduction is a key mechanism of persistence 
for those species facing natural anthropic distur-
bances that cause partial loss of above-ground 
biomass (e.g., thinning, browsing damage) (Vesk 
 2006 ). This vegetative reproduction has been 
identifi ed in Chubut and Santa Cruz and it is par-
ticularly evident after disturbances like fi re and 
tree logging. In Chubut, it is commonly found in 
intermediate and shrubby ñire woodlands. In 
Santa Cruz, 25 % of ñire forest with high regen-
eration cover (>25 %) originated from root suck-
ers and it was referred to fi re disturbance (Peri 
and Ormaechea  2013 ). 

 This ability for regrowth has been demon-
strated by Bahamonde et al. ( 2013b ) working on 
thinning experiment in  N. antarctica  forests of 
Santa Cruz. Here, the stumps sprouted 1 year after 
thinning by forming groups of large thin branches 
having a mean height of 11 cm year −1  of growth 
and a maximum regrowth of 25 cm. Similarly, 
vegetative reproduction in Tierra del Fuego has 
been observed mostly in forests with silvopastoral 
use (25 % of the seedling bank) with 6 cm year −1  
of mean height growth and this being higher than 
the growth rate of seedlings >1 year old in the 
natural forest stand (Soler et al.  2012 ). 

 To date, the knowledge about the natural 
regeneration of  N. antarctica  showed evidence of 
ecological advantages of this forest species for 

implementation of silvopastoral systems in 
Patagonia. In such case, the climatic parameters 
for each region (e.g., precipitation range) should 
be integrated into the management plan. Further 
monitoring and long-term knowledge of regen-
eration processes would allow us to determine 
whether the quantity and quality of young trees 
surviving at managed forests are enough to guar-
antee the sustainable silvopastoral production in 
Southern Patagonia forests (Peri et al.  2006c ).  

6.3.2     Silviculture and Wood 
Production 

 Intermediate treatment schedules have been pro-
posed for ñire forests, and several thinning trials 
were established in the Patagonian region. For 
example, in the central basin of the Foyel River 
(Río Negro province), Reque et al. ( 2007 ) have 
developed a typologic key the silvicultural stand 
characterization of the different forest types and 
local dendrometric equations. Based on the cur-
rent development stage of the stands, the authors 
suggested that it is possible to apply forestry 
models based on density regulation and complete 
canopy cover. Within a Management Plan for 
natural ñire forests under silvopastoral use, Peri 
et al. ( 2009a ) proposed two thinning intensities 
depending on water stress conditions. For stands 
growing under severe water stress condition 
(drier sites near the Patagonian steppe) where 
dominant trees reach a total fi nal height between 
4 and 8 m, a moderate thinning intensity leaving 
at least 50–60 % of canopy cover is recom-
mended. Usually this remaining crown cover pro-
vides protection from desiccant strong winds 
improving the microclimate conditions for under-
storey production, tree regeneration and plant 
biodiversity conservation. In contrast, for stands 
growing in better site qualities (fi nal height of 
dominant trees >8 m) with higher annual precipi-
tation regime (>350 mm year −1 ) and deeper soils 
(>0.5 m depth), more intensive thinning is pro-
moted leaving a 30–40 % of canopy cover. The 
response of understorey dry matter production to 
the openness of the original overstorey canopy 
cover by thinning represented an increment that 
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varied from 300 ± 150 kg DM ha −1  for moderate 
thinning to 1400 ± 250 kg DM ha −1  for intensive 
thinning in better sites (Peri  2009d ). Other impor-
tant consideration of silviculture practices in 
these forests under silvopastoral use is to guaran-
tee the continuity/presence of tree strata in the 
long term. One of the major obstacles associated 
with successful establishment and growth of 
seedlings is browsing by herbivores (such as rab-
bits, hare and livestock) and competition with 
grasses/weeds for light. In several areas of ñire 
forest under grazing, trees regeneration was com-
pletely damaged and tree dynamics was inter-
rupted due to the above indicated challenges 
(Peri and Ormaechea  2013 ). In this context, trees 
may be protected as individual specimens or as 
small groups by using individual tree guard or 
small fences (Peri et al.  2009c ; Ormaechea and 
Peri  2010 ). We suggest to protect a fi nal number 
of 250 seedlings ha −1  for dry sites and 150 seed-
lings ha −1  for better site conditions until regenera-
tion trees reach >2 m height. The results indicated 
that tree guard can be effectively used to protect 
individual seedlings from cattle by enhancing 
height growth (10.0 cm year −1  for protected trees 
vs. 1.8 cm year −1  for unprotected). In Chubut, 
Hansen et al. ( 2008 ) reported that it is possible 
the conservation of established ñire saplings in 
silvopastoral systems by adjusting the stocking 
rate and monitoring. They found a forage produc-
tion threshold of 1200 kg DM ha −1  and below this 
the lateral shoot damage of ñire saplings increased 
up to 30 %. As an example, in Fig.  6.8 , a silvicul-
tural schedule for ñire forest under silvopastoral 
use is shown (Martínez Pastur et al.  2013 ). This 
includes the openness of overstorey canopy cover 
(30–60 % of the original cover) to enhance 
undestorey dry matter production (including 
improvement by introducing pastures such as 
 Dactylis glomerata  and  Trifolium repens ), thin-
ning and pruning practices, and regeneration 
protection.

   Tree growth in natural unmanaged forest is 
greatly infl uenced by the landscape, where higher 
site quality stands occupy the moister environ-
ments with deeper soils, mainly close to  N. pum-
ilio  forests (Fig.  6.6 ). The lower site quality 
stands are found in heavy wind exposed or in the 

ecotone adjacent to the steppe in the drier areas. 
 N. antarctica  trees rarely live more than 200 
years compared to other  Nothofagus  species that 
reach up to 450 years. The diameter growth is 
also infl uenced by the vertical structure, where 
dominance signifi cantly affects this variable. The 
annual diameter growth of the dominant trees in 
the higher site qualities can reach to 0.37 cm 
year −1 , while in the lower site class it is 0.22 cm 
year −1 . In the same way, dominant trees can grow 
more (0.22–0.37 cm year −1 ) compared to the 
 suppressed trees (0.14–0.22 cm year −1 ) along the 
site quality gradients. 

 Another alternative in the region for forest 
management planning has been the use of 
Reineke’s Stand Density Index (SDI) to assist in 
the defi nition of thinning intensities for different 
canopy covers (Ivancich et al.  2009 ). From 266 
ñire forest inventory plots in Santa Cruz and 
Tierra del Fuego, density and mean diameter 
were obtained, and a model of maximum relative 
density was fi tted, achieving a SDI 25  = 1435 trees 
ha −1  (log 10 N = log 10 897000 – 2*log 10 QMD), 
where N is the number of trees per hectare and 
QMD is the quadratic mean diameter of the trees. 
Based on this stand density equation and a previ-
ously developed model that estimates stand 
crown cover (CC%) using stand basal area (BA) 
(m 2  ha −1 ) and an independent variable 
(CC% = 99.45 * 1-e −0.0264*BA ; R 2  = 0.95) (Peri 
 2009b ), a new density model was fi tted for differ-
ent canopy covers. This fi nal model predicts the 
parameter used in an equation to estimate the SDI 
for a particular QMD at any given canopy cover. 
This model simplifi es data collection during for-
est inventories, such as the stand density and 
basal area, which are needed to estimate the 
 thinning intensity to achieve a desired crown 
cover. This model is independent of stand age 
and site quality, and could be applied at several 
forested landscapes in Southern Patagonia. 

 As part of PEBANPA network (Biodiversity 
and Ecological long-term plots in Southern 
Patagonia), permanent plots (1 ha) were estab-
lished in 2008 in a young pure even age  N. ant-
arctica  stand (41 ± 6 years old, 4055 ± 48 trees 
ha −1 , DBH = 5.2 ± 1.8 cm, BA = 29 ± 5.8 m 2  ha −1 , 
SI 50  = 7.2 m) located in Santa Cruz province 

P.L. Peri et al.



133

(51°13′20″ SL, 72°15′24″ WL). Peri et al. 
( 2012b ,  2013a ) indicated that thinning (fi nal 
stocking of 1551 ± 35 trees ha −1 , crown cover 40 
%) for silvopastoral use determined the mean tree 
DBH growth rate, which increased by approxi-
mately 40 % compared with the control treat-
ment. The total over bark volume growth rate at 
stand level was 4.3 ± 0.65 m 3  ha −1  year −1  and 
3.7 ± 0.43 m 3  ha −1  year −1  for the thinned stand and 
control, respectively. In Tierra del Fuego prov-
ince, a trial was established in 2009 with two 
thinning intensities in an area of 5 ha of pure even 
age  N. antarctica  forest growing at a good site 

quality (SI 50  = 12.3 m) in Cape San Pablo Ranch 
(54° 15′ 45″ SL, 66° 49′ 44″ WL), and also leav-
ing a stand without intervention as a control treat-
ment (Ivancich et al.  2010 ,  2012 ). In each 
treatment fi ve permanent plots were established. 
In the low intensity thinning treatment (18 m 2  
ha −1  remaining BA), 53 % (±15.9 %) of BA was 
harvested, decreasing stand density from 
2793 ± 448 trees ha −1  with 13,4 ± 1.0 cm QMD to 
681 ± 48.3 trees ha −1  with 18.3 ± 1.7 cm 
QMD. After thinning, crown cover was 66.5 % 
and 53.0 % for low and high intensity, respec-
tively. In the high intensity thinning (12 m 2  ha −1  

  Fig. 6.8    Silvicultural schedule for ñire forest under silvo-
pastoral use ( a ) old-growth irregular stand, ( b ) old-growth 
stand with abundant regeneration (>20,000 trees ha −1  of 
20–40 years old), ( c ) regular stand at optimal growth 
phase (800–3000 trees ha −1  of 60–90 years old), ( d ) 
mature regular stand (150–250 trees ha −1  of >100 years), 
( e ) managed stand based on original canopy cover, ( d ) 

old-growth regular stand, ( f ) managed stand based on 
original canopy cover with protection of regeneration by 
using individual tree guards, ( g ) mixed forest structure 
(original and secondary forest) with protection of regen-
eration, ( h ) secondary forest with thinning and pruning 
practices, and ( i ) managed secondary stand with protec-
tion of regeneration       
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remaining BA), 65 ± 9.1 % of original BA was 
removed, decreasing stand density from 
2183 ± 834 trees ha −1  with 14.3 ± 1.9 cm QMD to 
345 ± 63 trees ha −1  with 21.2 ± 1.3 cm 
QMD. Annually individual tree growth was mea-
sured in these permanent plots. Mean diametric 
increment was 0.34 ± 0.05 and 0.40 ± 0.02 cm 
year −1  for low and high thinning intensities, 
respectively. This contrasted with 0.19 ± 0.02 cm 
year −1  for the control. The mean volumetric 
growth at stand level was 3.92 ± 0.88 m 3  ha −1  
year −1  and 3.12 ± 0.2 m 3  ha −1  year −1  for low and 
high thinning intensity respectively, in compari-
son with 4.86 ± 1.01 m 3  ha −1  year −1  in the control. 
These growth increments reported for  N. antarc-
tica  for silvopastoral use were lower than those 
reported by Peri et al. ( 2002 ) with volume growth 
increasing by 83 % (light thinning) and 65 % 
(heavy thinning) of the control treatment for a 
pure  N. pumilio  forests (67 years) that were grow-
ing in a high quality site (SI 60  = 23.2 m) and those 
reported by Martínez Pastur et al. ( 2001 ) for pure 
 N. pumilio  stands grown in site quality II–III with 
maximum growth of 12.7 m 3  ha −1  year −1 . In the 
same plots described above, the overstorey 
dynamics was monitored by using hemispherical 
photos and Gap Light Analyzer software 
(Martínez Pastur et al.  2011 ). In Río Negro, 
Sarasola et al. ( 2008b ) reported that the mean 
tree DBH growth rate varied from 0.18 to 0.49 cm 
year −1  for dense and thinned stands, respectively. 

 These results for  Nothofagus  forest in 
Southern Patagonia highlights the importance to 
establish permanent plots covering different 
options of thinning treatments (intensity) across a 
site quality gradient for full growth response 
evaluation of the  N. antarctica  stands. The impor-
tance of long-term plots is that this will allow to 
determine the economical feasibility of the inter-
mediate treatments, to defi ne base-lines and 
impacts of different silvicultural treatments, and 
provide monitoring methodologies and establish 
demonstrative areas for forest management. 
Also, these plots provide areas to train profes-
sionals in forest management practices. 

 The volume of harvested logs in mature  N. 
antarctica  forests under silvopastoral use in 
Santa Cruz provinces was depended on site class 
and thinning intensity (Peri et al.  2005a ,  b ,  c ). 

This harvested volumes ranged from 33 m 3  ha −1  
for Site Class V stand after moderate thinning (30 
% light transmissivity silvopastoral system) to 
220 m 3  ha −1  for Site Class I stand at intense thin-
ning (60 % light transmissivity silvopastoral sys-
tem) with different proportions of wood uses 
(Table  6.7 ). In the province of Chubut, ñire’s 
woody production after thinning and pruning 
highly depended on forest type. While in high 
woodlands, wood production after thinning 
(50 % remaining crown cover) reached 129 m 3  
ha −1  (78 % fi rewood, 20 % poles and 2 % stick 
fence), intermediate woodland produced 58 m 3  
ha −1  (92 % fi rewood, 7 % poles and 1 % sticks 
fence) and shrubby ñire woodlands only pro-
duced 30 m 3  ha −1  being only used for fi rewood 
(Hansen et al.  2005 ).

   Furthermore, the harvested volume and the 
sawn-timber yield (plank, board, strut, strip and 
strip-board) after processing in a sawmill have 
been measured in Tierra del Fuego (Martínez 
Pastur et al.  2008 ). The timber (cut at the base 
bole and minimum diameter of 20 cm) were 
extracted with skidders to the piling zone (load-
ing truck bay), where logs for sawmill were 
obtained (3–5 m long). The individual log vol-
ume varied between 0.9 and 2.9 ± 0.3 m 3 . The 
timber volume obtained after thinning discrimi-
nated by log quality categories are presented in 
Table  6.8 .

   Because of high defects in the low quality 
logs, the mean conversion factor of the sawmill 
(ratio of sawn wood over log volume) was 18 %. 
However the sawmill conversion effi ciency var-
ied according to log quality: 34.4 ± 4.5 % for  B1 , 
27.0 ± 3.6 % for  B2 , 10.5 ± 7.4 % for  C1 , 
10.4 ± 3.6 for  C2  and 3.7 ± 2.4 % for quality  D . 
The sawmill conversion effi ciency found for ñire 
timber was lower than those reported for  N. pum-
ilio  timber in same type of sawmill with a mean 
value of 41 % conversion factor (Martínez Pastur 
et al.  2000 ). Conversion effi ciency not only 
affects sawmill profi ts, but is also important to 
estimate existing supplies of standing timber. 
Therefore, to improve the productive model of 
silvopastoral systems, it is necessary to take into 
account the integral harvest of the forest prod-
ucts, the adaptation of the sawmill industry to 
the wooden resource, diversifi cation of sawn 
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products and increases the added value of com-
mercial products. Thus, the high percentage of 
small diameter logs produced from ñire forest 
has a great market value and therefore markets 
for these products need to be found. Economical 
and value-added uses for removed small diame-
ter timber can help offset forest management 
cost in ñire silvopastoral systems and provide 
economic opportunities for stakeholders. In 
Tierra del Fuego province, practical use for har-
vested timber volumes from ñire silvopastoral 

systems should include high value products used 
for furniture, fl ooring and millwork (windows, 
doors, paneling cabinetry, mouldings and other 
custom woodwork).   

6.4     Animal Component 

 Livestock production is the main annual income 
from silvopastoral systems in  N. antarctica  native 
forest under grazing management. Approximately 

   Table 6.8    Mean harvested timber volume (± standard deviation) of  Nothofagus antarctica  forest in Tierra del Fuego 
after thinning for silvopastoral use   

  H    AB    ABrem    VB1    VB2    VC1    VC2    VD    VT  

 m  m 2  ha −1   m 2  ha −1   m 3  ha −1   m 3  ha −1   m 3  ha −1   m 3  ha −1   m 3  ha −1   m 3  ha −1  

 Mean  13.3  58.7  29.9  30.1  19.98  23.12  17.05  11.98  102.20 

 SD  1.3  11.46  7.61  22.95  12.88  16.45  11.24  9.70  29.04 

   H  stand dominant height,  AB  original stand basal area,  ABrem  remnant basal area after thinning,  V  logs volume without 
bark,  B - C - D  logs quality classifi cation,  1 – 2  log size,  VT  total harvested log volume. Log quality  B1  small end diameter 
>30 cm, white rot (fungi break down the lignin in wood, leaving the lighter-coloured cellulose behind) <10 %, brown 
rot (fungi break down hemicellulose and cellulose in wood, leaving brown discoloration, and cracks into roughly cubi-
cal pieces) <30 %, sweep <3 cm m −1 , breakage <50 cm, knots from alive branches <5 cm diameter and no wobbly log; 
quality  B2  = small end diameter <30 cm, without white rot, brown rot <10 %, stained wood <10 %, sweep <1 cm m −1 , 
and without breakage, knots or wobbly log; quality  C1  = small end diameter >30 cm, white rot <30 %, brown rot <50 %, 
sweep <5 cm m −1 , stained wood, breakage, knots and wobbly log accepted; quality  C2  = small end diameter <30 cm, 
white rot <10 %, brown rot <20 %, stained wood accepted, sweep <3 cm m −1 , breakage <50 cm, knots from alive 
branches <5 cm diameter, no wobbly log; quality  D  = small end diameter >30 cm and other variables conditions not 
included in previous categories  

   Table 6.7    Main structure values of  Nothofagus antarc-
tica  stands of primary forest (PF) and silvopastoral sys-
tems (SS) growing at three site classes. The harvested 

volume after thinning sorted by sawmill timber ( Vs ), pole 
( Vp ) y fi rewood ( Vf ) for 30 (SS 30 %) and 60 % light 
transmissivity (SS 60 %) is shown   

 Harvested volume 

 Treatment 
 AB 
(m 2  ha −1 ) 

 DBH 
(cm) 

 Density 
(n ha −1 ) 

 Cob 
(%) 

 HD 
(m) 

 VT 
(m 3  ha −1 ) 

 Vs 
(m 3  ha −1 ) 

 Vp 
(m 3  ha −1 ) 

 Vf 
(m 3  ha −1 ) 

  Site class I  

 PF  56  27.2  950  98  16,1  382  –  –  – 

 SS 30 %  34  31.0  345  65  16.8  238  23  42  85 

 SS 60 %  28  35.1  260  38  16.5  176  34  66  120 

  Site class III  

 PF  47.0  24.8  895  92  8.8  276  –  –  – 

 SS 30 %  30.1  29.4  420  67  8.5  187  –  29  68 

 SS 60 %  25.5  31.4  295  34  8.6  115  –  52  102 

  Site class V  

 PF  43.5  19.8  962  90  5.1  110  –  –  – 

 SS 30 %  28.2  22.7  442  65  4.9  79  –  6  27 

 SS 60 %  20.1  24.2  312  31  5.4  55  –  8  56 

   BA  basal area,  DBH  diameter at breast height, 1.30 m,  Cob  canopy cover,  HD  mean height of dominant trees,  VT  total 
remanet standing volume  
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90 % of total ñire forest area in Santa Cruz under 
grazing with sheep and cattle (Peri and 
Ormaechea  2013 ). In the province of Chubut, the 
main livestock production under silvopastoral 
systems has been historically developed for cattle 
rearing where animal production is 14–16 kg ha −1  
year −1  (Guitart Fité et al.  2004 ). Animal produc-
tion occurs mainly in ñire forest, but alternates 
with other forest types like lenga ( Nothofagus 
pumilio ) and Ciprés de la Cordillera ( Austrocedrus 
chilensis ) (Quinteros et al.  2012 ). The current 
livestock management on landholdings in 
Patagonia in ñire forests has a data base for 
improving productivity and conservation of these 
ecosystems (Ormaechea et al.  2009 ). The total 
number of landholdings with ñire forest and the 
proportion of these on an area basis were esti-
mated from provincial GIS cadastre and forest 
inventory (Peri and Ormaechea  2013 ). There are 
102 landholdings (60 in Santa Cruz and 42 in 
Tierra del Fuego province) practicing silvopasto-
ral systems. While in Santa Cruz, the majority of 

ranches (55 %) have less than 10 % ñire forest 
cover, in Tierra del Fuego most ranches (64 %) 
have between 10 and 50 % of the area covered 
with ñire forest. The extent of these properties in 
Santa Cruz province is 21,553 ha and in Tierra 
del Fuego is 18,050 ha, and the largest area of 
160,000 ha. In Chubut, there are 219 landhold-
ings with ñire forest with an average size of 
1720 ha (maximum size of 129,700 ha and mini-
mum size of 30 ha). The ñire forest cover in these 
landholdings ranges from 40 % in large proper-
ties to 80 % in small ones. 

 Through personal surveys conducted in all 
ranchers in ñire forests, the main livestock char-
acteristics and management were established 
(Table  6.9 ). Cattle (mainly Hereford breed) and 
mixed livestock production (cattle+sheep) were 
the main activities having mean stocking rates of 
0.60–0.86 sheep ha −1  year −1 . In Chubut, the mean 
annual cattle stocking rate is 0.35 bovine units 
ha −1  year −1 , but stocking rate fl uctuates from 0.24 
bovine units ha −1  in winter season (May–

   Table 6.9    Main characteristics of livestock production in ranches of Chubut, Santa Cruz and Tierra del Fuego prov-
inces with ñire forest   

 Santa Cruz  Tierra del Fuego  Chubut 

 Types and percentage (%) of 
principal animal production 

 Mixed a   35  59  60 

 Cattle  39  22  36 

 Sheep  26  19  4 

 Percentage (%) of sheep 
breeds in ranch b  

 Corriedale  58  100  8 

 Merino  31  0  90 

 Others  11  0  2 

 Percentage (%) of cattle 
breeds in ranch 

 Hereford  97  97  90 

 Hereford + Angus  0  3  8 

 Hereford + other breeds  3  0  2 

 Mean ranch stocking rate (ewes ha −1  year −1 ) c   0.65 ± 0.15  0.60 ± 0.10  0.86 ± 0.47 

 Mean lambing percentage (%) for sheep  74 ± 5.2  76 ± 3.1  72 ± 3.4 

 Percentage (%) of ranch that apply artifi cial 
insemination 

 13  31  10 

 Mean lamb weights at slaughter on Dec.–March 
(Kg animal −1 ) 

 12.0 ± 0.71  11.6 ± 0.66  – 

 Percentage (%) of each type 
of shearing in ranch 

 Post- lambing  79  96  48 

 Pre-lambing  21  4  52 

 Mean wool production per animal (kg animal −1 )  4.8 ± 0.28  4.5 ± 0.26  4.2 ± 0.52 

  Mean ± standard error 
  a Mixed refer to a combined production of sheep and cattle in a same ranch, where neither species participates with less 
than 10 % of total ranch stocking rate 
  b On the basis of the principal ranch breed. In the case of crossbreed, they were recorded as “Others” 

  c To standardize the stocking rate to ewes per hectare, cattle was multiplied by a coeffi cient of 6.3 (Cocimano et al.  1977 )  
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November) to 1.11 bovine units ha −1  at peak of 
pastures growth (von Müller et al.  2014 ). In 
Chubut, currently mean annual cattle stocking 
rates in ñire silvopastoral systems is about 0.31 
bovine units ha −1  year −1 , but stocking rates fl uctu-
ates from 0.24 bovine units ha −1  in winter season 
(May–October) to 0.35 bovine units ha −1  in sum-
mer season (December to April). However, at 
peak of pastures growth monthly stocking rate 
can reach up to 1.11 bovine units ha −1  (von Müller 
et al.  2014 ). While the main sheep breeds in 
Sothern Patagonia is Corriedale, in Chubut prov-
ince it is Merino. For sheep, the lambing rate was 
72–76 % and the application of artifi cial insemi-
nation varied from 13 % in Santa Cruz province 
to 31 % in Tierra del Fuego. In Chubut province, 
artifi cial insemination in cattle was approxi-
mately 10 % and the percentage of calves weaned 
was 66 ± 2.9 %. Mostly, the shearing in ranches 
was carried out post-lambing. Between the prov-
inces there were similar values of lamb weights 
at slaughter (11.6–12.0 kg animal −1 ) and wool 
production (4.2–4.8 kg animal −1 ). In Chubut, the 
mean beef calve (6–8 months) weight at slaugh-
ter (April–May) was 165 ± 12 kg animal −1 .

   More than 75 % of the landholdings use win-
ter low altitude ranges ( invernadas ) and summer 
high altitude ranges ( veranadas ) (Table  6.10 ). In 
Chubut province, the  veranada - invernada  graz-
ing management represents 93 % of landholdings 
(6 % rotational and 1 % year round). However, 
when considering silvopatoral systems, available 
management practice include monthly rotational 
grazing in enriched natural grasslands, where 
livestock fodder consumption effi ciency 
increased up to 57 % compared with 40 % in the 
traditional summer-winter ranges (Fertig  2006 ). 
Only 6 % of the total landholdings have used a 
grassland assessment method for carrying capac-
ity estimation in ranches with ñire forests being 
the main criteria to defi ne stocking rate their per-
sonal experience, the range condition or the his-
toric stocking rate used in their respective 
ranches. Thus, ranches mainly make grazing 
management decisions based on subjective crite-
ria and previous experience. Also, only a low the 
percentage of ranches (<17 %) make divisions in 
paddocks to achieve homogenous grazing based 
on vegetation types. Usually, vast areas with few 

paddocks restrict the potential for controlling 
grazing. In the region, landholdings are using the 
paddocks within ñire forest mainly for animal 
breeding or maintenance or without specifi c 
objectives. Stakeholder perception highlighted 
the shelter benefi ts for animals provided by ñire 
forest in paddocks.

6.4.1       Animal Production 

 In silvopastoral systems the reduction of light 
induces changes in nutritive value (foliar nitrogen 
and herbage in vitro digestibility), structure sward 
characteristics (height, bulk density, botanical com-
position) and distribution of morphological compo-
nents within the canopy that may have an important 
infl uence on daily herbage intake. In general, cattle 
fattening production under  silvopastoral systems in 
the province of Chubut was possible in areas with 
understory enriched pastures and under intensifi ed 
livestock management (Fertig  2006 ). This practice 
demands heifers and steers post-weaning nutritional 
restriction during winter, when calves daily body 
mass gain are between 0.25 and 0.30 kg animal −1  
day −1  until reach a weight of up to 200–230 kg ani-
mal −1  (Guitart Fité et al.  2004 ). This activity 
demands an intensive grazing management along 
summer growing season in order to obtain a weight 
gain in steers and heifers up to 320–340 kg ani-
mal −1 . Experimental fattening under ñire silvopasto-
ral systems with understory pastures of  Dactylis 
glomerata - Holcus lanatus - Trifolium repens - T. 
pratense  and intensive grazing management with 
electrifi ed wire fences determined a heifers and 
steers daily gain of up to 1.0 kg animal −1  day −1  and 
200 kg of meat per hectare from November to May 
(Fertig  2006 ). 

 At experimental spatial scale, animal perfor-
mance of sheep (Peri  2008 ) and cattle (Peri et al. 
 2006d ) grazing on natural grassland improved 
with cocksfoot and white clover pastures under 
two contrasting canopy cover (CC = 40 and 60 %) 
and two post-grazing pasture masses (optimum 
and low) in a ñire silvopastoral system was 
assessed. The experiments were conducted at sil-
vopastoral site (2 ha) located in Nibepo Aike 
 station (50°33′17″SL, 72°50′33″WL) near 
Argentino lake, Santa Cruz province. The climate 
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is described as temperate and subhumid with a 
long-term average rainfall of 660 mm. All thinned 
material was removed. For cattle evaluation 
Polled Hereford heifer (14 months old, mean 
weight 264 ± 32 kg) and Corriedale ewes (4 years 
old, mean weigh 42 ± 5 kg) were used. Stocking 
rate during grazing period (30 days), during max-
imum biomass production (December) under 
trees and in open, averaged 21 ewes ha −1  for 
cocksfoot and 19 lambs ha −1  for lucerne. Stocking 
rate adjustments were based on similar pasture 
allowances (mean pasture allowance: 3.1 kg DM 
hd −1  day −1  for ewes and 7.9 kg kg DM hd −1  day −1  
for heifer). Liveweight gain per animal (LWG, g 
head −1  day −1 ) and liveweight gain at area basis 
(kg ha −1  day −1 ) were recorded. There was no sig-

nifi cant difference (p > 0.05) in LWG per animal 
between crown cover treatments for both for both 
sheep and cattle at optimum post-grazing forage 
mass (Table  6.11 ). When pasture bulk densities 
were calculated from pre-grazing mass and plant 
height, density slightly decreased in more shaded 
stand (CC = 60 %). However, pre-grazing sward 
characteristics (bulk density and CP% values) in 
both stands apparently did not infl uence potential 
intake from grazing animals. Instead in both 
crown cover stands there was no difference in 
LWG per head, the highest pre-grazing mass in 
the 30 % crown cover silvopastoral system 
allowed a higher stocking rate and consequently 
a greater LWG per hectare (3.8 vs. 2.4 kg ha −1  
day −1  for sheep and 29.8 vs. 17.1 kg ha −1  day −1  for 

   Table 6.10    Livestock management and stakeholders perceptions of ranches with ñire forest in Santa Cruz and Tierra 
del Fuego provinces   

 Santa Cruz 
 Tierra del 
Fuego 

 Percentage (%) of grazing management  Summer – Winter ranges  77  78 

 Rotational a   16  16 

 Year-round  7  6 

 Percentage (%) of ranches that apply rangeland assessment b   6  6 

 Main criterion to defi ne stocking rate by 
stakeholders (%) 

 Historic stocking rate  19  47 

 Personal experience  26  25 

 Range condition  19  16 

 Animal condition  13  3 

 Rangeland assessment  6  3 

 Annual precipitation  3  3 

 No specifi c criterion  13  3 

 Percentage of ranches that makes divisions to achieve homogenous grazing 
according to vegetation types (%) 

 6  16 

 Percentage (%) of aim use in paddocks 
with ñire forest 

 Without specifi c objective  42  40 

 Breed or maintenance  42  16 

 Calving  10  22 

 Variable  3  19 

 Fattening  3  3 

 Stakeholders perception (%) related to 
advantages of paddocks with ñire forest 

 Shelter  39  38 

 Good grass (quality and quantity)  13  12 

 Do not know/Do not answer  48  50 

 Stakeholders perception (%) related to 
limitations of using paddocks with ñire 
forest 

 Inaccessibility, animal lost or herding 
diffi culties 

 32  7 

 Lack of grass biomass  6  3 

 Fleece contamination  3  0 

 No specifi c criterion  59  90 

 Percentage (%) of ranches that apply forestry practices  6  3 

   a It refers to management systems that allow paddocks rest at least one season every 2 year 
  b It refers to rangeland assessments practices at least one time every 2 year or more frequent  
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cattle under optimum post-grazing mass). Thus, 
the superior animal performance on CC 30 % 
pastures compared with pastures under more 
shaded environment was attributed to the greater 
pasture production rate, pre-grazing mass and 
bulk density which allowed higher stocking rates 
and pasture intake. On another hand, there was a 
strong infl uence of pos-grazing herbage mass on 
LWG (per animal and per hectare). This decreased 
up to 50−80 % for animals grazing until a low 
post-grazing mass (Table  6.11 ). It has been dem-
onstrated that low post grazing residuals 
decreased sward quality (decreases in green leaf 
content and OMD%) and DM grazing intake 
reducing consequently animal production 
(Thompson and Poppi  1990 ).

   From these experiments (spatial scale of 1 ha 
each treatment) we highlight the importance that 
to achieve a production target in silvopastoral 
systems, a grazing manager requires a knowledge 
of the relationship of animal productivity to pas-
ture allowance (pre-grazing herbage mass) and 
quality derived from different stand crown cover 
(thinning intensities) and residual pasture mass. 
However, there is a need to take into account the 
whole-farm level requirements when designing 
grazing prescriptions at a fi eld scale, in order to 
improve animal production, ecosystem conserva-
tion objectives and the modes of adaptation of 
farm management strategies (Gibon  2005 ; Peri 
 2012a ). The approach to study silvopastoral sys-

tems at the whole farm scale should be applied in 
developing an understanding of the diversity of 
livestock farmer decision-making, and should 
increasingly be used for assessing the economi-
cal and/or environmental impacts of change in 
grassland use in reference to grazing manage-
ment practices. In this context, an study was car-
ried out to compare a traditional extensive grazing 
management (TEGM) with an adaptive silvopas-
toral management (ASM) that included strategic 
separation in homogenous areas (grass steppe, 
forest and riparian meadows), stocking rate 
adjustment to grassland net primary production 
in order to increase the animal production at 
ranch level and the protection of regeneration 
from herbivores browsing (hare and livestock) by 
using individual tree guard (Ormaechea et al. 
 2010 ,  2011 ). The trial (2008–2009) was con-
ducted under real production conditions in 
Cancha Carrera ranch (51°13′21″SL, 
72°15′34″WL) in the forest-grass steppe region 
southwest of Santa Cruz province. Grassland 
assessment in all paddocks (300–5000 ha) was 
carried out in both management treatments before 
animals entrance. The ASM group grazed a pad-
dock with only forest between June and 
September and a riparian meadow paddock 
(without animals during the spring) during 
January. Each management treatment had a group 
of 1000 ewes, where 300 animals were selected 
randomly to measure live weight gain and corpo-

    Table 6.11    Mean (±standard deviation) values of pre-
grazing and two post-grazing pasture masses (optimum 
and low) masses, pre-grazing pasture height, bulk density, 
mean crude protein content (CP%) and organic matter 
digestibility (OMD%), and sheep and cattle liveweight 

gains (per hectare and per individual animal) during maxi-
mum biomass production (December 2005 for cattle and 
December 2007 for sheep) of pasture grown at two con-
trasting crown cover (CC = 30 and 60 %) in ñire silvopas-
toral systems in Southern Patagonia   

 Treatment 

 Pre-gazing 
mass (kg 
DM ha −1 ) 

 Pasture 
height (cm) 

 Bulk density 
(mg DM 
cm −3 )  CP (%) 

 Post-gazing 
mass (kg 
DM ha −1 ) 

 Individual 
LWG (kg day −1 ) 

 LWG/ha (kg 
ha −1  day −1 ) 

  Sheep  

 CC 30 %  2850 ± 341  24.2 ± 5.1  0.971  11.2 ± 0.9  543 ± 134  0.098 a  3.81 a 

 374 ± 42  0.041 b  1.02 d 

 CC 60 %  2050 ± 330  29.7 ± 4.2  0.825  15.3 ± 1.4  439 ± 76  0.102 a  2.43 b 

 290 ± 74  0.048 b  1.84 c 

  Cattle  

 CC 30 %  3060 ± 341  22.8 ± 6.0  0.965  10.6 ± 1.1  843 ± 134  1.39 a  29.8 a 

 305 ± 33  0.20 b  10.3 c 

 CC 60 %  1949 ± 330  31.7 ± 3.7  0.855  13.4 ± 1.8  864 ± 76  1.48 a  17.1 b 

 298 ± 52  0.55 b  2.3 d 
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ral condition in four moments of each evaluated 
year. During the pre-lamb shearing, we weighed 
300 fl eeces of each group and at the end of the 
annual season the lambing rate and the weight of 
300 lambs was measured. The ASM paddocks 
were grazed with a stocking rate below its carry-
ing capacity, whereas the TGM registered an 
overgrazed situation during winter. We found that 
there were no signifi cant differences in individual 
animal performance between grazing manage-
ments (Table  6.12 ). Lambing rate and fl eece 
weight for ASM sheep had slightly higher values 
compared with TGM, probably because the rea-
sonable stocking rate used and the effective use 
of the forest and the riparian meadow grasses in 
moments of high quality compared with the rest 
of areas. In addition, the forest provided protec-
tion from cold winds and snowstorms. This 
advantage was probably the reason for winter 
weight loss reduction for the ASM group (Table 
 6.12 ). However, the main impact of the adaptive 
silvopastoral management provided an improve-
ment on animal productivity at area basis (Table 
 6.12 ). Thus, lamb, meat and wool production in 
ASM per hectare increased by 30–40 % com-
pared with TGM. Studies of animal distribution 
using global positioning system (GPS) technol-
ogy provide important information for grazing 
plans since it allows long-term, uninterrupted 
monitoring of grazing animals at low cost. GPS 
data also allow easy pairing with numerous 
 spatial parameters recorded in a geographic 
information system (GIS). In this context and for 
the study area, Ormaechea et al. ( 2012a ) deter-
mined the preferred environments used by sheep 
using with GPS collars. Positions were stored as 
Gauß- Krüger coordinates of latitude and longi-
tude with information on date, time, and distance 
from the previous point. Spatial position of the 
animals was monitored from February 2009 to 
January 2010 resulting in 50,400 position records 
for sheep. Grazing frequencies of sheep for each 
major vegetation type in paddocks were used to 
determine Ivlev’s electivity index (IEI) (Ivlev 
 1961 ) and percentage of use by animals of each 
vegetation type related to paddock area. The IEI 
takes values between 1 (highly preferred) and −1 
(completely avoided). IEI value will be zero (0) 

when the fraction of feeding time equals the frac-
tion of area covered by the respective vegetation 
type (random grazing). The results showed a 
clear animal preference for the forest environ-
ment associated with better thermal conditions 
and good forage quantity and quality. Thus, in 
those paddocks with mixed vegetation types (ñire 
forest, riparian meadows and grass steppe), the 
forest environment had an IEI between 0.23 and 
0.63 and sheep using 65–73 % of this vegetation 
type area. In contrast, sheep avoided the riparian 
meadow environment during waterlogged peri-
ods (spring) and frozen soils (winter) with IEI 
ranged between −0.02 and −0.24.

   Similarly, Peri et al. ( 2012c ) compared the 
cattle production in a Traditional Grazing 
Management (TGM) with an Integral Silvopastoral 
Intensive Management (ISIM) under real produc-
tion conditions in San Pablo ranch (54°15′46″SL, 
66°59′41″WL) in Tierra del Fuego province. 
While ISIM included strategic separation in 
homogenous areas (forest and riparian meadows), 
short rotation grazing and stocking rate adjust-
ment to grassland net primary production, TGM 
was implemented in winter and summer extensive 
grazing paddocks (Table  6.13 ). We considered 

     Table 6.12    Main site characteristics and animal perfor-
mance (mean ± standard deviation) at ranch level of a tra-
ditional extensive grazing management (TEGM) and an 
adaptive silvopastoral management (ASM) over 2 years of 
measurements (2008–2009) in the forest-grass steppe 
region, southwest of Santa Cruz province, Patagonia   

 Extensive 
management 

 Adaptive 
management 

 Number of paddocks  3  5 

 Paddocks mean size (ha)  2470  1140 

 Forage allowance (kg DM 
ha −1 ) 

 301 ± 12.5  367 ± 20.9 

 Stocking rate (ewes ha −1  
year −1 ) 

 0.3 ± 0.02  0.9 ± 0.20 

 Winter weight loss (kg)  12.4 ± 8.0  10.1 ± 8.9 

 Lambing rate (%)  84.9 ± 11.9  86.9 ± 4.9 

 Lamb weight (kg)  33.5 ± 1.9  27.6 ± 5.1 

 Lamb production (lamb 
ha −1 ) 

 0.25 ± 0.02  0.41 ± 0.01 

 Meat production (kg ha −1 )  8.25 ± 0.2  11.35 ± 1.8 

 Fiber diameter (μm)  28.5 ± 0.4  28.5 ± 0.7 

 Fleece weight (kg)  4.0 ± 0.1  4.3 ± 0.4 

 Wool production (kg ha −1 )  1.10 ± 0.01  1.55 ± 0.07 
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that defoliation frequency is more important than 
defoliation intensity for proper grazing manage-
ment. Each management treatment had a group of 
160 Hereford heifers of 185 kg live weight where 
live weight gain was evaluated in different sea-
sons. In general, while individual live weight gain 
was higher in TGM (except in autumn), cattle 
production on area basis was higher in the ISIM 
treatment (0.20 vs 0.91 kg ha −1  day −1 ) (Fig.  6.9 ). 
The parasitological results of nematode showed 
no infection problems.

    In this study ranch area, Ormaechea et al. 
( 2012b ) analyzed the spatial use of cattle in dif-
ferent paddocks under intensive and extensive 
management using GPS collar. The results 

showed higher homogeneity use in smaller 
 paddocks under intensive management achieving 
a better use of the forage resource during the 
growing season (Table  6.14 , Fig.  6.10 ). Instead, 
there was no signifi cant difference in daily 
walked distances by sheep between seasons and 
management grazing system (paddocks with dif-
ferent size vegetation types), animals in ISIM 
explored less area compared with TGM (Table 
 6.14 ). This determined that sheep grazing under 
ISIM used 50–90 % of paddocks area, while ani-
mals in the TGM used less than 25 % of pad-
docks area. We also observed that the cattle have 
been tamed under intensive management facili-
tating the handling of them.

   Table 6.13    Cattle grazing schedules for Traditional Grazing Management (TGM) and an Integral Silvopastoral 
Intensive Management (ISIM) at ranch level in Tierra del Fuego province, Patagonia   

 Grazing period  Main vegetation type  N° paddocks 
 Paddock area 
(ha) 

 Pasture allowance 
(kg MS/ha) 

 Stocking rate 
(animal/ha) 

  ISIM  

 Oct.–Dec.  Ñire forest (rotational 
grazing) 

 9  20  800  1.3 (6.9) a  

 Jan.–March  Riparian meadow 
(rotational grazing) 

 6  40  1580  0.9 (4.1) a  

 April–Sept.  Ñire forest and 
meadow 

 1  800  710  0.2 

  Traditional  
 Oct–March 
(summer ranges) 

 Ñire forest and 
meadow 

 1  470  1045  0.3 

 April–Sept. 
(winter ranges) 

 Ñire forest and 
meadow 

 1  1200  650  0.08 

   a Between brackets instantaneous stocking rate in subdivisions within paddocks  
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  Fig. 6.9    Cattle liveweight gains per individual animal ( a ) 
and per hectare ( b ) (mean ± standard deviation) at ranch 
level of Traditional Grazing Management (TGM) and an 

Integral Silvopastoral Intensive Management (ISIM) in 
Tierra del Fuego province, Patagonia       
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    These type of studies provided important infor-
mation about extensive sheep and cattle grazing 
production throughout a year and at ranch level. 
The separation in homogenous areas and more 
intensive animal grazing under silvopastoral use 
proposed at the whole year and ranch level seems 
to have promising results for ranchers in Southern 
Patagonia. However, further studies about variables 

associated with the animal and forage are needed to 
provide proper  recommendations for intensive 
management in meadow-forest ecosystems in 
southern Patagonia. In cases where intensive man-
agement is not possible, fl exible grazing strategies 
to optimize animal production and avoid grassland 
ecosystem deterioration is an option for ranchers 
(Figs.  6.11 ,  6.12 ,  6.13 ,  6.14 ,  6.15 , and  6.16 ).

  Fig. 6.10    Example of locations recorded in GPS collars 
in cattle grazing in extensive (348 ha of ñire forest and 
150 ha of riparian meadow) and intensive (21 ha of only 

ñire forest) paddocks during 8 days in spring at San Pablo 
ranch, Tierra del Fuego, Patagonia       

    Table 6.14    Mean and maximum (± standard deviation) 
daily walked distances and explored areas by cattle during 
two seasons under Traditional Grazing Management 

(TGM) and an Integral Silvopastoral Intensive 
Management (ISIM) in Tierra del Fuego province, 
Patagonia   

 Walked distance (km day −1 )  Explored area (ha day −1 ) 

 Treatment  Vegetation type  Season  Mean  Maximum  Mean  Maximum 

 TGM  Mix Ñire forest and 
riparian meadow (1 
paddock of 496 ha) 

 Spring  4.5 (1.58)  6.9 (1.90)  78.9 (48.43)  202.7 (170.08) 

 Summer  5.3 (1.47)  8.7 (0.05)  118.7 (21.00)  272.1 (99.14) 

 ISIM  Ñire forest (3 
paddocks of 7 ha) 

 Spring  4.8 (1.60)  7.8 (2.57)  6.3 (0.26)  9.5 (0.47) 

 Riparian meadow (2 
paddocks of 42 ha) 

 Summer  4.0 (1.80)  5.9 (2.52)  15.3 (6.61)  21.4 (8.27) 
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  Fig. 6.11    Extensive paddock with  Nothofagus antarctica  forests under silvopastoral use, Tres Marías ranch, Santa 
Cruz province, Argentina       

  Fig. 6.12    Buffers zones for riparian habitats protection within a Management Plan for native ñire forests under a silvo-
pastoral use, Tierra del Fuego province, Argentina       
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  Fig. 6.13    Thinned stand of  Nothofagus antarctica  in a silvopastoral system at San Pablo ranch, Tierra del Fuego prov-
ince, Argentina       

  Fig. 6.14    Shrubs removal in a  Nothofagus antarctica  silvopastoral system to improve forage production, El Foyel, Río 
Negro province, Argentina       
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  Fig. 6.15    Cattle grazing in a  Nothofagus antarctica  paddock under silvopastoral use at Ea. Morro Chico, Santa Cruz 
province, Argentina       

  Fig. 6.16    Stakeholders training in silvopastoral management of ñire woodlands in north-western Chubut, Argentina       
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6.5              Carbon Storage 

 There is an increasing interest in research 
related to improve the understanding of carbon 
(C) sequestration mainly under Article 3.4 of 
the Kyoto Protocol of the United Nations 
Framework Convention on Climate Change 
where countries can count this sequestration as 
a contribution to reduce greenhouse gas emis-
sion (IPCC  2001 ). Data on C storage in forests 
is essential for understanding the importance of 
rapidly increasing level of CO 2  in the atmo-
sphere and its potential effect on global climate 
change. Also, estimates of native forest C stor-
age under different management practices are 
required for estimating regional and national 
greenhouse gas balance. In Southern Patagonia, 
mean maximum annual temperature is predicted 
to increase by 2–3 °C in 2080 between 46 and 
52° 30′ SL (Kreps et al.  2012 ). Such an increase 
would have signifi cant effects on Patagonian 
ecosystems. In this context, secondary indige-
nous forests are considered effi cient C sink eco-
systems. Previous research has highlighted the 
importance of stand age, site quality and crown 
classes on the magnitude of C pools in both for-
est above- and below-biomass and forest fl oor 
pools (Peri et al.  2005c ,  2008a ,  2010 ). It is 
important to emphasise that roots in these forest 
ecosystems can contribute up to two times more 
biomass and C storage than above- ground com-
ponents in young growth phases. There are few 
studies on above- and below- ground C pools in 
Patagonian  Nothofagus  forests under different 
disturbance and management regimes. In this 
context, it is also believed that forest ecosystem 
C pools and fl uxes are strongly affected or infl u-
enced by forest management. 

6.5.1     Carbon Storage in Ñire 
Silvopastoral System 

 Peri et al. ( 2010 ) and Peri ( 2011 ) showed that C 
storage in tree components (leaves, stems, 
branches, roots) and forest fl oor change as a 
result of different forest structure determined by 
the proportion of crown classes, development 

stages (age) and the site quality where trees grow. 
Aboveground and belowground C sequestration 
for different components of trees and pasture 
(green and dead leaves, pseudostem and coarse 
and fi ne roots), and the C storage in litter fl oor 
and at different soil horizons (from 0 to 0.6 m 
depth) in a  N. antarctica  silvopastoral systems 
grown in Southern Patagonia at three site classes 
are shown in Table  6.15 . Mean stand density was 
175 ± 20 trees ha −1  (80 % dominant trees and 
20 % codominant trees) at matured stage 
(190 ± 15 years). In these ecosystems, the C con-
centration was higher in the rot tree component 

     Table 6.15    Mean carbon storage (Mg C ha −1 ) of differ-
ent components of  Nothofagus antarctica  silvopastoral 
systems growing at three sites classes (SC) in Southern 
Patagonia   

 System component  SC V  SC IV  SC III 

  Soil  

   Litter  4.4  7.4  8.2 

   Organic horizon 
(0–03 m) 

 9.4  13.6  16.0 

   Mineral horizon 
(0.03–0.1 m) 

 12.2  17.6  18.4 

   Mineral horizon 
(0.1–0.3 m) 

 44.3  81.3  85.9 

   Mineral horizon 
(0.3–0.6 m) 

 55.9  98.6  104.3 

  Total soil    126.2    218.5    232.8  

  Trees  

   Leaves  0.2  0.5  0.7 

   Small branches  0.6  1.0  2.4 

   Sapwood  4.1  7.3  10.4 

   Heartwood  5.0  8.2  7.3 

   Bark  1.7  3.7  4.1 

   Rotten wood  0.4  0.5  1.3 

   Fine roots  0.6  0.1  2.0 

   Coarse roots  7.7  8.7  9.3 

  Total trees    20.3    30.1    37.5  

  Pasture  

   Green leaves  0.2  0.5  0.9 

   Dead leaves  0.05  0.1  0.2 

   Pseudostem  0.2  0.4  0.7 

   Roots  1.3  2.5  2.8 

  Total pasture    1.7    3.5    4.6  

  Total silvopastoral system    148.2    252.1    274.9  

  Site Class III: stands where the mean total height of domi-
nant mature tree (H) reach 10.2 m, Site Class IV: H = 7.8 
m, Site Class V: H = 5.3 m  
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(55 %) and lower in the dead leaves of pasture 
(40 %). The C concentration decreased from 
51 % in fl oor litter to 0.5 % at 0.6 m mineral soil 
depth in the low site quality stand. At the silvo-
pastoral stand level, the total C stored ranged 
from 148 to 252 Mg C ha −1  distributed approxi-
mately 85 % in soil, 12 % in trees and 3 % in 
pasture (Table  6.15 ). Belowground biomass rep-
resented an important C storage pool in the eco-
system with mean values of 7.7–9.3 and 
1.7–4.6 Mg C ha −1  for trees and pasture roots 
components, respectively. The importance of root 
as C sink in these forests (Fig.  6.17 ) has been 
reported as an adaptation to improve water and 
nutrient uptake in dry environments and to pro-
vide better support in windy sites with shallow 
soils, compared to other  Nothofagus  species (Peri 
et al.  2010 ). While total C accumulation in trees 
growing in the best site quality (37.5 Mg C ha −1 ) 
followed the order sapwood > coarse roots > 
heartwood > bark > small branches > fi ne roots > 
rotten wood > leaves, for trees growing in a low 
site quality (20.3 Mg C ha −1 ) the total C accumu-

lation followed the order coarse roots > heart-
wood > sapwood > bark > small branches/fi ne 
roots > rotten wood > leaves (Table  6.15 ). This is 
consistent with Dube et al. ( 2011 ) who reported 
that the carbon storage of  Pinus ponderosa  silvo-
pastoral system was 224 Mg C ha −1  in the in the 
Chilean Patagonia being more effi cient in C 
sequestration than tree plantations or natural 
prairie.

    Carbon storage estimation of aerial and subter-
raneous (roots) components of  N. antarctica  for-
ests and soil (litter, organic and mineral horizons, 
0.6 m depth) at a regional level was carried out 
under a provincial inventory (355 plots) frame-
work (Peri et al.  2013b ). Taking into account the 
total forest area and the mean C sink values of 
each stand, we estimated that in Santa Cruz prov-
ince  N. antarctica  forests accumulate approxi-
mately 45 million tons of C, where 20 % 
corresponded to tree components (aerial and 
roots) and 80 % in soils. The mean annual C accu-
mulation rate in most of the forest (73 %) was less 
than 1 Mg ha −1  year −1  due to the mature growth 

  Fig. 6.17    Carbon root/shoot ratio for  Nothofagus antarc-
tica  trees against age. (●) Site Class III, (○) Site Class IV, 
and (▼) Site Class V. Site Class III: stands where the 

mean total height of dominant mature tree (H) reach 10.2 
m, Site Class IV: H = 7.8 m, Site Class V: H = 5.3 m       
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phase state of these forests growing in low site 
qualities. Carbon sequestration rates ranged from 
0.12 to 0.21 Mg ha −1  year −1 . These values are 
lower than those reported by Kraxner et al. ( 2003 ) 
for typical temperate forests with long-term C 
storage of 2.5 Mg ha −1  year −1 . Instead, the C 
sequestration rate in ñire forest is low, and they 
can accumulate C for long periods (>120 years).  

6.5.2     Carbon Storage and Soil 
Respiration for Different 
Land Uses 

 The differences in total C storage (above- and 
belowground biomass components and soil at 
0.6 m depth) and soil respiration related to land- 
management practices were carried out in three 
study areas of 10 ha each in a  N. antarctica  forest 
under silvopastoral use (centre of study area 
located at 51° 13′ 21″ S, 72° 15′ 34″ W), primary 
forest (51° 13′ 09″ S, 72° 16′ 13″ W) and adjacent 
open grassland site (51° 12′ 54″ S, 72° 08′ 29″ 
W). Total C pool was 161.8, 205.6 and 83.8 t C 
ha −1  in the primary forest, silvopastoral system 
and sole grassland, respectively. The ratio of 

above to belowground C pools was approximately 
1:8, 1:10 and 1:24 for the primary forest, silvopas-
toral system and adjacent open grassland, respec-
tively. Measurements of CO 2   resulting from soil 
respiration (both from roots and micro-organisms) 
were taken from each site in main seasons: spring 
(November), summer (January–February), 
autumn (April) and winter (July) during 2011–
2013 using the soda lime method (Edwards  1982 ). 
Soil respiration in silvopastoral system and pri-
mary forest was higher (p < 0.01) than grassland 
in the adjacent open site (Fig.  6.18 ). Soil respira-
tion ranged from 0.11 g CO 2  h −1  m −2  in winter to a 
maximum of 1.43 g CO 2  h −1  m −2  in spring in the 
silvopastoral system grassland. There was an 
interaction (p < 0.001) between land uses and time 
expressed by seasonal fl uctuations in soil respira-
tion, with no differences in soil respiration among 
sites during winter (July–August). Soil carbon 
concentration (depth 0.2 m), litter cover and depth 
and bare soil cover were the main factor explain-
ing 83 % of soil respiration. Also, the trend of 
higher soil respiration in silvopastoral system 
compared with primary forest may be due to an 
improvement of microclimate (soil temperature, 
incoming radiation and moisture regime) that 
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  Fig. 6.18    Seasonal variation of soil respiration for pri-
mary forest understorey (●), silvopastoral system (○) 
and open grassland (▼) in Santa Cruz province (Southern 

Patagonia, Argentina) Within dates, different lower-case 
letters indicate signifi cant (p < 0.05) differences among 
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enhanced organic matter decomposition. This has 
been confi rmed by Bahamonde et al. ( 2012b ) who 
determined that total transmitted radiation, soil 
and air temperatures were the main environmental 
factors explaining 61 % and 40 % of the variation 
of litter (grasses and tree leaves) decomposition in 
 N. antarctica  forest in Patagonia under silvopas-
toral use.

   These studies improved the understanding on 
the potential of C sequestration of  N. antarctica 
forests  under silvopatoral management and high-
lights the importance of these forests as effi cient 
carbon sink ecosystems in Patagonia.   

6.6     Nutrient Dynamics 

 A key aspect that determines the sustainability of 
a forest is maintaining nutrient cycles over time. 
These cycles may be modifi ed by management 
practices adopted in different forestry systems 
(Chapin et al.  2002 ). However, the effect of silvi-
cultural practices on nutrient cycling may differ 
depending on the species composition, structure 
of the forest, age and the environmental condi-
tions (Begon et al.  2006 ). 

6.6.1     Litter Decomposition 

 It is well known that the organic matter decompo-
sition (OMD) is controlled by the chemical com-
position of the litter, soil organisms and the 
environmental conditions (Swift et al.  1979 ). 
Similarly, special attention should also be paid to 
N cycling, because N is considered the most limit-
ing element in temperate forests (Fisher and 
Binkley  2000 ). In this context, it is desirable to 
know the infl uence of silvicultural practices, car-
ried out to improve the forage production in silvo-
pastoral systems, on litter decomposition and 
nutrients dynamics. In Southern Patagonian eco-
systems, the litterfall decomposition and nutrient 
dynamics in  N. antarctica  forests under silvopas-
toral use and growing at two site conditions have 
been reported (Bahamonde et al.  2012b ). In both 
site quality stands, the organic matter decomposi-
tion in ñire leaves after 480 days increased with 

the canopy openness from 20 to 30 % under and 
between crowns, respectively. Similarly, increased 
senescent grass decomposition was found in the 
open without trees when compared with decom-
position rates under crown, and the rates were 27 
and 38 % under crown and in the adjacent area 
without trees, respectively. These results sug-
gested that a higher intensity of thinning in these 
forests (for silvopastoral use) also may increase 
the decomposition of herbaceous stratum. In prac-
tical terms, these results could provide informa-
tion on the number of years the decomposing 
material remains in the soil as almost original 
material. For example, the ñire leaves decompos-
ing under higher tree coverage (under crown) 
could take between 23 and 27 years to decompose 
99 % of organic matter, while in intermediate 
crown coverage (between trees) that time could be 
reduced to 15 and 17 years, respectively 
(Table   6.16 ). The same pattern was found when 
the rates of decomposition were transformed in 
years in the decomposing grasses (Table  6.17 ).

    When the environmental factors driving 
decomposing processes in silvopastoral systems 
of ñire forests were analyzed, Bahamonde et al. 
( 2012b ) found that the main factor contributing 
towards the decomposition was the total trans-
mitted radiation for both decomposing materials 
(ñire and grasses leaves) (Table  6.18 ).

   Bahamonde et al. ( 2012b ) highlighted the 
importance of radiation level, which is positively 
infl uenced by the tree removal that in turn affects 
decomposition rates. Austin and Vivanco ( 2006 ) 
also have reported that solar radiation may have a 
direct action on decomposition via photo degrada-
tion processes or indirectly by facilitating the 
action of microorganisms on litter decomposition. 
Related to this issue, Peri et al. ( 2008b ) found that 
the removal of trees through thinning practices in 
forest used for silvopastoral ñire caused a decrease 
between 35 and 50 % in litterfall to the forest 
fl oor, which also would infl uence lower potential 
return nutrients. However, as the litter in these 
disturbed forests will be subjected to a higher rate 
of decomposition, it could result in a more rapid 
cycling of nutrients, and consequently decrease 
the accumulation of litter along with other fi ne 
and coarse debris (Frangi et al.  1997 ). 
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   Table 6.16    Decay constants ( k ) and total time of decomposition of 99 % (t 99 ) organic matter for  N. antarctica  tree 
leaves growing at two site classes (SC) in Southern Patagonia   

 Crown cover  Model a   Signifi cance b   R 2    k  c  (year −1 )  t 99  c  (years) 

  SCIV  

 Under crown  X 1 /X 0  = 92.0e −0.112 t   **  0.88  0.20b  23.0a 

 Between crown  X 1 /X 0  = 90.0 e −0.21 t   ***  0.93  0.31a  14.9b 

  SCV  

 Under crown  X 1 /X 0  = 89.4 e −0.06 t   **  0.89  0.17b  27.1a 

 Between crown  X 1 /X 0  = 90.9 e −0.17 t   ***  0.96  0.27a  17.1b 

  R 2  = coeffi cient of determination 
 ** ( P  < 0.01); *** ( P  < 0.001) 
  a Model, decay model according to Olson ( 1963 ) 
  b Signifi cance, decay model signifi cance 
  c Among crown cover, means followed by the same letter do not differ signifi cantly ( P  > 0.05). Analyses were performed 
separately for each Site Class (SC)  

   Table 6.17    Decay constants ( k ) and total time of decomposition of 99 % (t 99 ) organic matter for grass leaves growing 
at two site classes (SC) in Southern Patagonia   

 Situation  Model a   Signifi cance b   R 2    k  c  (year −1 )  t 99  c  (years) 

  SCIV  

 Under crown  X 1 /X 0  = 89.1 e −0.14 t   ***  0.94  0.26b  17.7a 

 Between crowns  X 1 /X 0  = 87.8 e −0.19 t   ***  0.97  0.31b  14.9a 

 Without trees  X 1 /X 0  = 84.6 e −0.22 t   ***  0.94  0.39a  11.8b 

  SCV  

 Under crown  X 1 /X 0  = 89.2 e −0.15 t   ***  0.98  0.25b  18.4a 

 Between crowns  X 1 /X 0  = 89.2 e −0.21 t   ***  0.97  0.32ab  14.4ab 

 Without trees  X 1 /X 0  = 86.1 e −0.24 t   ***  0.94  0.39a  11.8b 

  R 2  = coeffi cient of determination 
 ** ( P  < 0.01); *** ( P  < 0.001) 
  a Model, decay model according to Olson ( 1963 ) 
  b Signifi cance, decay model signifi cance 
  c Among crown cover, means followed by the same letter do not differ signifi cantly ( P  > 0.05). Analyses were performed 
separately for each Site Class (SC)  

   Table 6.18    Simple linear regression between decay constants (k) and main environmental variables   

 Environmental variable 

 Grass leaves   N. antarctica  leaves 

 Signifi cance a   R 2   Signifi cance a   R 2  

 Total transmitted radiation  **  0.61  **  0.49 

 Average air temperature  **  0.40  **  0.41 

 Average soil temperature  **  0.40  **  0.40 

 Volumetric soil moisture  ns  ns 

 Air relative humidity  **  0.30  *  0.27 

  R  2   = coeffi cient of determination 
  ns  no signifi cant 
 * ( P  < 0.05); ** ( P  < 0.01) 
  a Signifi cance, linear regression signifi cance  
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 Also, Bahamonde et al. ( 2012b ) evaluated the 
mineralization-immobilization dynamics in 
decomposing leaves of ñire and grasses. The 
authors reported that N, P and Ca were mineral-
ized during the fi rst stage (60 days) and then got 
immobilized, while K was immobilized through-
out the study period (480 days). This pattern – 
mineralization and then immobilization of 
nutrients – of nutrient dynamics was also seen 
under different crown coverage in the studied 
sites.  

6.6.2     Soil N Mineralization 

 In two  N. antarctica  forests under silvopastoral 
use in Southern Patagonia a net nitrogen soil 
mineralization study was conducted (Bahamonde 
et al.  2013c ). The authors reported that the pre-
dominant form inorganic N in the ñire soil forests 
was the NH 4  + , representing on average 75 % of 
the total etractable N. The net N mineralization 
varied signifi cantly between crown cover and 
dates, depending on the studied stand. Similarly, 
when the values of annual N net mineralization 
per unit area were compared the results varied 
according to the site: in Site Class IV annual net 
mineralization was lower in the location without 
trees, while in Site Class V there were no differ-
ences among crown cover (Table  6.19 ).

   When environmental factors were correlated 
to the N mineralization, the simple linear regres-
sion analysis showed that the volumetric soil 
moisture was the only parameter that explained 
variation in N mineralization at the studied sites 
(P < 0.05). Also, the potential net nitrogen soil 

mineralization from these forests was evaluated 
under laboratory conditions using soil samples 
(0.3 m depth) taken at three different dates 
(Bahamonde et al.  2013c ). As it was expected, 
net nitrogen mineralization measured under labo-
ratory conditions was higher than  in situ  for both 
site class stands during two dates, which refl ected 
the environmental (mainly temperature) limita-
tions in the fi eld. The authors attributed these 
results to other factors limiting the process, e.g. 
microbial biomass of soil on that date.  

6.6.3     Nutrient Amounts 
in Silvopastoral Systems 

 Information on biomass and nutrient accumula-
tion in different tree components are essential to 
evaluate the importance and impact of manage-
ment practices (silviculture, silvopastoral sys-
tems, harvesting) on site productivity, mineral 
fertility, bio-element recycling and long-term 
effects on the mineral balance (Santa Regina 
 2000 ). The ability of  N. antarctica  to grow in dif-
ferent site qualities and environmental conditions 
(drier sites near the Patagonian steppe where 
dominant trees reach <4 m height and sites with 
MAP >600 mm where trees reach >10 m) is also 
associated with nutrient redistribution in trees 
biomass (Peri et al.  2006b ,  2008a ; Gargaglione 
et al.  2010 ,  2013 ). While biomass and nutrients 
partitioning to roots increased when trees grow in 
low quality sites, in better sites trees distribute 
more resources to aerial components, like stems 
and leaves. Site quality also infl uenced biomass 
and nutrients amounts of  N. antarctica , where old 
dominant trees in better sites accounted for 2983, 
2578, 839, 393, 365, 357 g tree −1  of Ca, N, K, P, 
S and Mg, respectively, meanwhile in lower site 
qualities old dominant trees only accounted for 
1039, 626, 341, 208, 129 and 133 g tree −1  in the 
same order (Gargaglione et al.  2013 ). The lowest 
nutrient contents in worse sites was due to both 
less biomass accumulation and nutrient concen-
tration in all trees component (Peri et al.  2006b , 
 2008a ). Other factor that infl uence nutrient 
amounts in  N. antarctica  tree is the crown class 

   Table 6.19    Total annual net nitrogen mineralization 
(NH 4  + NO 3 ) (kg N ha −1  year −1 ) measured in  N. antarctica  
forest soils (0–20 cm) at three crown cover and two site 
classes (SC)   

 Crown cover 

 Under crown  Between crowns  Without trees 

 SCIV  54.4 a  72.4 a  11.0 b 

 SCV  51.6 a  59.5 a  59.1 a 

  Different letters in the same Site Class indicate signifi cant 
differences (P < 0.05) between radiation levels  
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condition. As this species is not shade tolerant, 
the position of the trees in the canopy is very 
important in relation to nutrient accumulation. 

 Thinning practice in silvopastoral systems 
reduced the nutrient amounts retained in the bio-
mass of the ecosystem mainly by removing trees 
from the stand and by changing the proportions of 
crown classes (dominant, codominant, intermedi-
ate and suppressed trees). Figure  6.19  shows nutri-
ent allocation for a primary forest and under 

silvopastoral use at two different quality sites. 
Nutrients accumulation at stand level varied from 
907, 688, 225, 100, 99 and 96 kg ha −1  of Ca, N, K, 
P, S and Mg, respectively in a primary forest grow-
ing at site class III to 192, 121, 67, 38, 24 and 
25 kg ha −1  for the same nutrients for a silvopastoral 
system growing on a marginal site class. The nutri-
ent accumulation in understorey grass biomass 
(2100 kg DM ha −1  in SC III and 326 kg DM ha −1  in 
SC V) did not compensate for the nutrient lost 

  Fig. 6.19    Mean nutrient amounts (kg ha −1 ) in  Nothofagus 
antarctica  forests under two uses (primary forest and sil-
vopastoral system) and two contrasting site qualities (Site 
Class, SC III where old dominant trees height reach 9 m 

and SC V with tree height of 5.3 m) in Southern Patagonia, 
Argentina.  D  percentage of dominant trees at stand level, 
 C  codominant,  I  intermediate,  S  suppressed trees       
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from trees removal during thinning management 
practice. In both sites, it is important to note that 
majority of the nutrients were being accumulated 
in leaves and small branches. Because these com-
ponents usually show a rapid turnover in the eco-
system (structures with low lignin contents), 
thinning practices should aim to leave fi ne mate-
rial (mainly leaves, small branches and bark) on 
the site to ameliorate nutrient removal and to avoid 
a decline of long-term yields. Furthermore, a good 
proportion of total nutrients are also located in 
roots, and in this case when trees are removed, the 
root system remains in the soil and this proportion 
of nutrients may be available for underneath 
grasses when roots decompose over a long period 
of time. This effect could be more important in 
lower quality sites, where trees allocate more 
resources to belowground components.

6.6.4        Nitrogen Facilitation 
in Silvopastoral Systems 

 Another important point to consider in silvopasto-
ral systems is the interactions that exist between 
grasses and trees. There is evidence that positive 
(facilitation) and negative (competition) interac-
tions occur between woody and non-woody (her-
baceous understory) components. For example, in 
savannas it has been reported that trees and 
grasses compete for light, nutrients and water, but 

trees can increase soil fertility, microbial activity 
or improve soil structure, and also soil water 
availability by reducing water loss from reduced 
evapotranspiration in shaded conditions (Archer 
et al.  2001 ; Simmons et al.  2008 ). Positive mecha-
nisms may act simultaneously with competitive 
mechanisms, and the overall effect of one plant 
species on another depends on which mechanisms 
are the most important in a given environment 
(Callaway et al.  2002 ). In our particular case of  N. 
antarctica  silvopastoral systems, there have been 
reports that grasses growing under tree canopy 
used the applied N fertilizer more effi ciently 
(Gargaglione et al.  2014 ). Thus, a study with iso-
tope  15 N labeled fertilizer showed that grasses 
growing under tree canopy in silvopastoral sys-
tems accounted with higher N concentrations in 
aerial components (Fig.  6.20a ) and also around 60 
% of the total N was derived from the applied fer-
tilizer (Ndff) throughout the growing season. In 
contrast, grasses growing on adjacent open sites 
without trees only had a 20–30 % of their N com-
ing from the applied labeled N (Fig.  6.20b ).

   Likewise, in silvopastoral system some propor-
tion of the applied N was also absorbed by  N. ant-
arctica  trees, although the amounts were 
insignifi cant to those absorbed by grasses, with a 
maximum around of 6 % of N derived from the fer-
tilizer applied, located mainly in leaves and small 
branches (Fig.  6.21 ). Gargaglione et al. ( 2014 ) pos-
tulated that possibly grasses absorbed more than 
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  Fig. 6.20    Nitrogen concentration ( a ) and percentage of 
nitrogen derived from fertilizer (Ndff,  b ) for aerial com-
ponents of grasses growing in a  Nothofagus antarctica  
silvopastoral system ( grey bars ) and in an open grassland 

( white bars ) along the growing season in south Patagonia 
(Data derived from Gargaglione et al. ( 2014 ) from a study 
with labeled  15 N fertilizer applied on spring (early 
November))       
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trees due to the higher growth rates compared with 
trees, and also because grasses accounted with a 
higher root density at 0–20 cm soil depth and started 
to grow earlier in the season. In conclusion, the sil-
vopastoral systems recovered 65 % more of the 
applied N than the open grassland. These results 
indicate that a better and more effi cient use of the 
applied N in silvopastoral system, where grasses 
absorbed twice as much the applied N than grasses 
in the open site. In this sense, trees may not strongly 
compete for N with grasses in this silvopastoral sys-
tem or  N. antarctica  trees in the system may indi-
rectly “facilitate” N absorption by underneath 
grasses improving environmental conditions like 
lower water stress (by protection of strong winds) or 
by reducing competition between soil microorgan-
isms and grasses for inorganic N, since litterfall 
improves decomposing litter quality (Gargaglione 
et al.  2014 ). All these aspects should be taken into 
account in the management practices, since a high 
intensity thinning may reduce the benefi ts contrib-
uted by trees towards N use effi ciencies in silvopas-
toral systems.

6.7         Biodiversity 
and Conservation 

 A sustainable management will be one that rec-
onciles the productive needs and requirements of 
the local people with conservation of native for-
ests. The biodiversity of ñire forest is considered 

the richest environment compared with other 
 Nothofagus  forests in Northern Patagonia (e.g., 
in vascular plant diversity, according to Speziale 
and Ezcurra  2008 ) or a medium rich environment 
in Southern Patagonia (Lencinas et al.  2011 ). 

 The species assemblages in ñire forests vary 
along their latitudinal distribution range and with 
habitat conditions, as humidity, with different 
characteristic species from North to South, and 
from xeric to humid environments. In Tierra del 
Fuego Province, 28 species of vascular plants 
were cited in the understory (Lencinas et al. 
 2008a ), 251 species of insects (Lencinas et al. 
 2008b ) and 18 species of birds (Lencinas et al. 
 2005 ). In Santa Cruz Province 225 species of 
vascular plants was observed, 112–165 species of 
insects and 10–21 species of birds (Gallo et al. 
 2005 ; Peri and Ormaechea  2013 ; Peri and Paz 
 2013 ). In Chubut Province there were 105 spe-
cies of vascular plants observed (Quinteros et al. 
 2010 ; Hansen et al.  2013b ). In Río Negro 
Province, there were 34 species of birds observed 
(Lantschner and Rusch  2007 ). 

 Among the main plant biodiversity in  N. ant-
arctica  forests in Sothern Patagonia, the more 
frequent species are the shrubs  Berberis micro-
phylla ,  Chiliotrichum diffussum ,  Ribes cuculla-
tum ,  R.magellanicum ,  Schinus patagonicus ; the 
dwarf shrubs  Empetrum rubrum ,  Azorella 
monantha ,  Bacharis magellanica ; the grasses 
and graminoids  Carex andina ,  Deschampsia fl ex-
uosa ,  Holcus lanatus ,  Bromus sp .,  Poa spp , 
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  Fig. 6.21    Nitrogen concentration ( a ) and Nitrogen 
derived from fertilizer (Ndff,  b ) in leaves and small 
branches of  Nothofagus antarctica  growing in a silvopas-

toral system in south Patagonia (Data derived from 
Gargaglione et al. ( 2014 ) from a study with labeled  15 N 
fertilizer applied on spring (early November))       
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 Dactylis glomerata ; the herbs  Potentilla chiloen-
sis ,  Anemone multifi da ,  Viola maculata Galium 
aparine ,  Osmorhiza chilensis ,  O. depauperata , 
 Cotula scariosa ,  Acaena ovalifolia ,  A. magel-
lanica ,  A. pinnatifi da ,  Geranium sessilifl orum , 
 Taraxacum offi cinale ,  Trifolium repens ,  Rumex 
acetosella  and  Vicia magellanica . Among birds, 
the main species are  Aphrastura spinicauda  
Gmelin,  Pygarrhichas albogularis  King. and 
 Turdus falcklandii  King. In relation to mammals, 
 Nothofagus  forests are considered an endemic 
zone, with 36 endemic species and 12 endemic 
genera (Patterson  1993 ), including several spe-
cies of rodents, foxes and bats, but there are a 
lack of information on their specifi c assemblage 
in forests along the complete range of  N. antarc-
tica  distribution. However, in a latitudinal gradi-
ent study, a greater mammal diversity was 
detected between 40 and 41°50′ SL (Murúa 
 1996 ). Likewise, in  N. antarctica  forests, usually 
there are several exotic and/or invasive species 
found, accidentally or intentionally introduced, 
including plants, insects and mammals. For 
example,  Holcus lanatus ,  Poa pratensis  and 
 Dactylis glomerata  provides forage for animal 
grazing,  Taraxacum offi cinale  is a widely distrib-
uted and naturalized weed,  Hieracium pilosella , 
 H. praealtum  and  Vespula germanica  are aggres-
sive invaders,  Castor canadensis  is an ecosystem 
engineer and threat, and  Mustela vison  is a com-
petitive predator. 

  N. antarctica  forests are usually immersed in a 
landscape spatial matrix that alternate with 
rangelands, peat-lands and other  Nothofagus  for-
ests, with dominance over open or forested envi-
ronments depending on the geographic zone. 
Biodiversity is partially shared among these envi-
ronments, e.g. 79–93 % of their vascular plant 
species are usually common to all environments 
of the landscape matrix, with low values of exclu-
sive vascular plant species in  N. antarctica  for-
ests (7 % of vascular plant richness), being their 
composition quite similar to  N. pumilio  forests 
and grasslands (Lencinas et al.  2008a ). Similar 
proportions were observed for insect and bird 
diversity, with 36–95 % of common species and 5 
% of exclusive ones for insects (Lencinas et al. 
 2008b ) and 67–78 % of common species and 22 

% of exclusive species for birds (Lencinas et al. 
 2005 ). The existence of species that only occurs 
in  N. antarctica  forests denote the importance of 
this unique environment, which is usually under-
valued due to the lack of natural provincial and 
national reserves that preserves habitat wilder-
ness (Rusch et al.  2004 ). 

  N. antarctica  forests are included in one of the 
last remaining pristine wilderness areas on the 
planet (Mittermeier et al.  2003 ). However, there 
are several human-related activities that incre-
mentally modifi ed their original structure and 
natural dynamic, e.g. livestock, harvesting and 
beaver activities, which infl uence the entire forest 
system, modifying biodiversity levels at under-
story, soil and canopy levels. The historic use of 
 N. antarctica  forests in Tierra del Fuego has 
modifi ed its biodiversity status and has produced 
a gradient of low to high conservation value 
(Martínez Pastur et al.  2014 ), as demonstrated by 
vascular plants (Fig.  6.22a ). Moreover, there are 
regional differences in biodiversity according to 
the zone where  N. antarctica  forests are growing. 
For example, differences in their understory vas-
cular plant diversity were observed among north, 
south and east zones in Tierra del Fuego, as 
shown in a non-metrical multidimensional scal-
ing (NMS) graphic (Fig.  6.22b ).

   On the other hand, variations in forest struc-
ture through modifi cations in overstorey cano-
pies (more closed or open canopies) generate 
differences in richness and relative abundance of 
different organisms (Fig.  6.23a–c ), which could 
be minima as for understory vascular plant, insect 
and bird richness and bird density, or very impor-
tant as in vascular plant cover or insect abun-
dance. Forest management activities also 
produces biodiversity modifi cations, as it was 
observed in vascular plants (Fig.  6.23d ), with less 
richness and cover in secondary forests compared 
to closed and opened canopy stands, and higher 
richness in burned forests mainly due to the colo-
nization of species from grassland and 
peatlands.

   Similarly in Chubut, native understory species 
are more frequent in dense ñire woodland inde-
pendently of its forest type. However, when con-
sidering vegetation changes along a disturbance 
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gradient, in a more opened stand (canopy cover 
~50 %) the understorey cover is mainly domi-
nated by adventitious grasses and herbs. Thus, 
forest interventions that partially opened the can-
opy facilitate the introduction of adventitious 
species and together with native species resulted 
in an increase of plants richness and diversity 
supported by intermediate disturbance theory 
(Rusch et al.  2005 ). More intensive disturbance 
of ñire woodlands usually is accompanied by a 
higher frequency of degradation of key-species 
like  Acaena splendens ,  Rumex acetosella , 
 Carduus thoermeri  and  Hypochaeris radicata  
(Bran et al.  1998 ; Quinteros et al.  2010 ). 
Likewise, after ñire woodland thinning and prun-
ing it was possible to increase grasses and herbs 
coverage for 3–4 years after interventions (Fertig 
et al.  2009 ), but after 10 years increased the 
shrubs cover ( Schinus patagonicus  in intermedi-
ate ñire woodlands and  Berberis microphylla  in 
high ñire woodland) and consequently decreased 
the forage production of the silvopastoral 
system. 

 Livestock use in  N. antarctica  forests usually 
diminishes the original biodiversity, both rich-
ness and relative abundance, mainly due to loss 

of sensitive species to animal pressure and selec-
tive grazing on more palatable species. But this 
effect could be masked by incoming species, 
which could generate similar values of richness. 
In Fig.  6.23e, f  an example for impact of cattle 
use over vascular plants and coleopterans in 
 N. antarctica  forests of Tierra del Fuego is shown. 
Also, high livestock charge produced greater 
reduction in vascular plant richness (Fig.  6.23g ), 
but not in cover, while in grasslands high and low 
livestock charges could not signifi cantly infl u-
ence vascular plant diversity (Lencinas et al. 
 2014 ). 

 The use of bioindicators may act as early 
warning indicators of environmental changes 
(environmental indicator), monitor a specifi c 
ecosystem stress (ecological indicator) or indi-
cate levels of taxonomic diversity at a site (biodi-
versity indicator) (McGeoch  1998 ). 

 The increase in biodiversity research in  N. 
antartica  forests, including natural distribution 
and assemblage of inconspicuous species (e.g., 
coleopterons and arachnids), and their changes 
under different impacts (e.g., thinning, beaver 
and silvopastoral use), allowed to make pro-
gresses in the searching of convenient bioindica-

  Fig. 6.22    Understory vascular plant variations in 
 Nothofagus antarctica  forests of Tierra del Fuego: ( a ) 
Conservation value map ( red  color for high conserva-
tion value-high biodiversity forests,  orange  color for 
medium conservation value, and  green  for low conser-

vation value- low biodiversity forests). ( b ) Differences 
in diversity at regional landscape level scale, highlight-
ing north, south and east zones through multidimen-
sional non metrical scaling analysis (NMS) (Color 
fi gure online)       
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tors, which could refl ect the state of the 
environment acting as early warning indicators of 
environmental changes (environmental indica-
tor), monitor a specifi c ecosystem stress (ecologi-
cal indicator) or indicate levels of taxonomic 
diversity at a site (biodiversity indicator) 
(McGeoch  1998 ). Bioindicators may also be used 
for conservation prioritisation using spatial com-
parisons of site value, monitoring of ecosystem 
recovery, or response to management. This infor-
mation is required to set up explicit recommenda-

tions to preserve or to minimize impacts on 
natural ecosystems and over very sensitive or 
endangered species. In this context,  Threchisibus 
antarcticus  (Coleoptera) (Lencinas and Martínez 
Pastur  2010 ) and  Neochelanops michaelseni  
Simon (Pseudoscorpionida) are considered as 
promising species, which are currently under 
study in the PEBANPA network. 

 Furthermore, a sustainable management will 
be one that reconciles the productive needs and 
requirements of the local people with conserva-

  Fig. 6.23    Biodiversity variations in  Nothofagus antarc-
tica  forests: ( a – c ) Vascular plants (richness and cover), 
insects (richness and abundance) and birds (richness and 
density) for different forest structures ( CF  closed forests, 
 OF  opened forests). ( d ) Vascular plants (richness and 
cover) for forest management history ( CF  without thin-
ning or closed forests,  OF  opened forests by thinning,  SF  
secondary forests,  BF  burned forests). ( e ,  f ) Impact of 

livestock use over vascular plants (richness and cover) and 
coleopterans (richness and abundance), where slash bar 
patterns show incoming species ( F  forests without cattle, 
 FC  forests with cattle,  GC  grasslands with cattle). ( g ) 
Impact of different livestock charge over vascular plants 
(richness and cover) ( FHC  forests with high cattle charge, 
 FLC  forests with low cattle charge,  GHC  grasslands with 
high cattle charge,  GLC  grasslands with low cattle charge)       
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tion of native forests. In this context, guides for 
environmental quality conservation are needed 
within a Management Plan for native ñire forests 
under a silvopastoral use (Rusch et al.  2004 ; Peri 
et al.  2009a ). Terrestrial habitats surrounding 
wetlands are critical to the management of natu-
ral resources due to its importance for feeding, 
nesting and conservation of water quality in 
streams, providing also substantial benefi ts as 
habitat or dispersal corridor. For this, buffers 
zones for wetland and riparian habitats protection 
are proposed by preserving a core terrestrial hab-
itat from 15 to 60 m from the edge of the aquatic 
site. Also, for biodiversity maintenance and con-
servation at landscape or ranch level, is recom-
mended to create a complete array of forest 
successional stages and structures, including sec-
tors with old-growth forest conditions and retain-
ing standing dead trees and fallen logs. Also, it is 
recommended to leave coarse woody debris 
because plays a substantial role in several eco-
logical processes in forest ecosystems and 
because a large number of organisms (fungi, 
insects) are dependent on decaying wood for 
nutrients or habitat (Franklin et al.  1987 ).  

6.8     Criteria and Indicator 
to Assess Ñire forest’s 
Sustainability 
under Silvopastoral Use 

 The Santa Cruz government has a statutory 
responsibility to ensure that native forests are 
sustainably used under silvopastoral systems. 
Provincial regulations also require that a Regional 
Forest Plan and long-term forest policies are 
developed. To provide strategies to maximize the 
forest’s sustainable benefi ts for society, Peri 
( 2012b ) developed indicators for sustainable 
management of  N. antarctica  forests. Multi- 
criteria methods were used to integrate different 
perspectives regarding environmental, social and 
economic aspects of the forest’s management 
(Mendoza and Prabhu  2000 ). Starting with a 
range of internationally accepted criteria and 
indicator (C&I) schemes, a local set of C&I 
scheme was developed to assess the ñire forest’s 

sustainability. The relative importance of the 
C&I, and the degree to which sustainability was 
being achieved through each of the indicators 
was assessed using a survey completed at a series 
of workshops attended by a range of stakeholders 
from government (technicians, professionals and 
bureaucrats from government or city council 
planning, conservation, natural resources admin-
istration and tourism offi ces), industry (wood 
processing workers, consultants, large and small 
company owners and ranchers), people working 
for environmental non-govt organisations, teach-
ers (high school, natural resources, and university 
lecturers) and community in general. The fi nal 
set of indicators contained 4 criteria, 11 groups 
and 55 indicators (Peri  2012b ). Thus, 9 indicators 
of Criterion 1 focuses on the legal, institutional 
and economic framework for forest conservation 
and sustainable management, 17 indicators of 
Criterion 2 measure the maintenance and 
enhancement of long-term multiple socio- 
economic benefi ts (employment, manufacture 
and consumption of forest products, education 
and research, and community needs), the focal 
point of the 10 indicators of Criterion 3 are 
related to the maintenance of ñire forest ecosys-
tem integrity (including productivity, biodiver-
sity, health) under silvopastoral use, and fi nally 
Criterion 4 has 19 indicators which deal with 
planning, monitoring and assessment of the ñire 
forest resource use. The relative importance of 
the criterion and group level is shown in 
Table  6.20 . The relative importance of the four 
criteria was quite similar. At the group level, the 
institutional framework was assessed as substan-
tially more important (37 %) than the other two 
groups in Criterion 1. Employment (28 %) group 
of indicators was the most important ones in 
Criterion 2. Both two groups of Criteria 3 and 4 
were evenly weighted.

   An overall sustainability score for the whole 
set of C&I was calculated using the weighted 
results from the assessment of the relative 
 importance of C&I and their individual sustain-
ability scores. The results of the study show that 
based on the opinion of stakeholders, current 
management is achieving 1.72 on a range from 
1.0 to 5.0, where 1.0 means that the aspect mea-
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sured by the indicator is close to a critical thresh-
old value and 5.0 is far from this threshold value. 
It provides a reference point for future change of 
ñire forest use in Santa Cruz province. The sus-
tainability scores and weightings at group and 
criterion level can be used to focus efforts on 
improving the poorest performing groups of indi-
cators. Criterion 4 had the lowest mean score 
(1.23) and Criterion 3, biodiversity and protec-
tion, showed the best performance (2.34). Groups 
of indicators with the lowest scores (less than 
1.3) were legal and economic frameworks within 
Criterion 1, and long-term regional and short-
term management plans (Criterion 4). In general, 
the forest ecosystem integrity and conservation 
indicators were evaluated as performing reason-
ably well. 

 The results also show that the key areas to 
work on are in policy and planning, resource 
administration of the forest. Finally, the most 
important factors affecting sustainable manage-

ment of ñire forest under silvopastoral use were 
selected, by choosing indicators with a mean 
individual sustainability score less than or equal 
to 1.2, and at the same time considering the per-
formance of groups of indicators (Table  6.21 ). 
Using this approach, one of the main areas of pri-
ority was policy and planning that revolve around 
the development of management plans and moni-
toring activities of the timber industry and 
pastoralists.

   Multi-criteria analysis was used to incorporate 
a diverse range of variables related to silvopasto-
ral forest management, involving the develop-
ment of a list of indicators for sustainability 
assessment that were applicable to Santa Cruz. A 
multidisciplinary group of local experts assigned 
scores for each indicator based on its contribution 
to sustainability. 

 Similarly, Rusch et al. ( 2009a ) developed C&I 
for silvopastoral system based on  N. antarctica  
forests in south western Chubut. The authors 

   Table 6.20    Relative importance of criteria and groups for sustainable use of ñire forest under silvopastoral systems in 
Santa Cruz province, Southern Patagonia, Argentina   

 Level in the hierarchy  Criterion and groups text 
 Criterion level 
weights 

 Group level 
weights 

  Criterion 1   Legal, institutional and economic framework for ñire 
forest conservation and sustainable management 

 31 % 

   Group A  Legal framework  37 % 

   Group B  Institutional framework  33 % 

   Group C  Economic framework  30 % 

  Criterion 2   Maintenance and enhancement of long-term multiple 
socio-economic benefi ts to meet the needs of society 

 26 % 

   Group A  Employment  28 % 

   Group B  Silvopastoral forest products consumption and 
production 

 26 % 

   Group C  Education and research  25 % 

   Group D  Community needs  21 % 

  Criterion 3   Maintenance of ñire forest ecosystem integrity 
(including productivity, biodiversity, health) 

 22 % 

   Group A  Biodiversity  53 % 

   Group B  Protection  47 % 

  Criterion 4   Planning, monitoring and assessment of the ñire 
forest resource use 

 21 % 

   Group A  Long-term regional plan  51 % 

   Group B  Short to medium-term silvopastoral plans  49 % 
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found that at the management unit level, riparian 
areas were preserved and there were no signals of 
disequilibrium in the food web, except for the 
invasion of a rodent. However, there was no plan 
developed for wildlife connectivity, forest recover 
(regeneration), water resources and carbon con-
servation. Rusch et al. ( 2009b ) analysing the 
maintenance of the productive capacity (espe-
cially in terms of wood and grass) and the main-
tenance or improvement of stakeholders’ welfare, 
detected problems due to over-exploitation for 
fi rewood, poor juridical security for land tenure, 
loggers had low decision making power and their 
work and livelihood conditions were also not 
optimal. Such poor or low working conditions 
could be attributed to small farm sizes and low 
economic conditions.  

6.9     Extension and Policy 

 Previously it was highlighted that one of the main 
areas to support the conservation and sustainable 
management of forests under silvopastoral use is 
the development of legal framework, policy and 
planning. In this context, in 2007, the Argentinean 
government enacted National Law 26.331 for the 
Environmental Protection of Native Forests and 
the objectives are to promote the conservation of 
native forests through land planning, sustainable 
management and tightening the regulations asso-
ciated with land-use change. Law 26.331 requires 
all the provinces to develop a Land Use Planning 
Process (LUPP) with respect to native forests in a 
participatory fashion. Native forests have been 
classifi ed according to three conservation 

   Table 6.21    Top fi ve lowest scoring indicators of silvopastoral forest use in Santa Cruz province   

 Number  Indicator text  Group  Score 

 1.2  Extent to which the legal framework supports 
the conservation and sustainable management 
of forests under silvopastoral use 

 Legal framework  1.06 

 2.8  Investments in forest management under 
silvopastoral use are carried out (thinning, 
environment planning, livestock plan, etc). 
Access to fi nancial support (application for 
credit) for stakeholders to improve the 
productive system including investments in 
timber technology 

 Forest products consumption 
and production in 
silvopastoral systems 

 1.08 

 4.2  Silvopastoral forest management planning 
and its implementation takes into account 
economic variables (costs, investments, 
revenue), as well as the results of the 
environmental and social impact assessments 

 Long-term regional plan  1.08 

 4.7  There is a regional land use Plan which 
refl ects the different forested land uses 
promoting its integral use, and gives 
attention to ecosystem services such as 
carbon fi xation and biodiversity 

 Long-term regional plan  1.09 

 4.9  Periodic monitoring is conducted to assess 
the effectiveness of the measures employed 
to maintain or enhance the applicable 
conservation attributes 

 Long-term regional plan  1.10 

 4.14  The silvopastoral forest management has a 
monitoring system for correct 
implementation. Data collection includes 
productive, economic and social variables 

 Short-term management plan  1.11 
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 categories (colours in maps) determined based on 
a number of technical and social criteria: Red 
(high conservation value forests for ancestral 
uses, gathering of non-timber forest products, 
scientifi c research, “respectful” tourism, conser-
vation plans, ecological restoration), Yellow 
(medium conservation value forests for sustain-
able productive activities and tourism under the 
guidelines of management and conservation 
plans) and Green (low conservation value forest 
where land- use change is allowed). The enforce-
ment authority of this law is the Secretary of 
Environment and Sustainable Development and 
the Federal Council on the Environment – 
COFEMA (Argentina’s federal governmental 
institution) coordinates the development of the 
environmental policies between provinces. In the 
last few years, more than 50 % of the budget has 
been destined to silvopastoral system plans in the 
Yellow category that includes forestry invento-
ries, silvicultural practices, adjustment of stock-
ing rate and fencing for strategic separation in 
homogenous areas (grass steppe, forest and ripar-
ian meadows) covering planning areas of ñire 
forest from 22 to 13,000 ha. However, most 
ranchers in Patagonia have been slow to adopt an 
integral silvopastoral system management plan, 
possibly because of lack of convincing evidence 
of positive economic returns or long term bene-
fi ts from ecosystem service values. Based on 
information related to ranch natural resources, 
constraints to production, and expected prices of 
inputs and outputs, a farm plan can be estab-
lished. In this context, an integral economic anal-
ysis is required, quantifying timber products, 
annual animal production, soil conservation ben-
efi ts, as well as the landscape values associated 
with ñire forests. Estimates of the cost of silvo-
pastoral system implementation and maintenance 
must also be included in addition to the area des-
ignated for forest conservation. Financial analy-
sis to calculate farm profi t involves calculating 
present net value (PNV) and internal rate of 
return (IRR) for different discount rates, using 
computer models. This type of economic models 
is essential in extension programs, and for policy 

makers concerned with sustainable grazing areas 
in Patagonia in order to convince the ranchers. 

 Silvopastoral system development requires 
multi-agency, interdisciplinary, participatory and 
user-focused learning environments to encourage 
innovation. In this context, it is critical to involve 
landowners who practice silvopastoral systems to 
share their experiences related to adequate man-
agement and land use. Similarly, policy related to 
silvopastoral use of ñire native forest is best 
developed through a pluralistic learning process, 
focused on creating a better informed and more 
enabling environment for public and private 
decision- making. It is important also to increase 
awareness of the interdependence among stake-
holders and key actors to address issues in com-
mon in silvopastoral practice. For example, 
mutual concerns by forestry, livestock and spe-
cialists about biodiversity conservation and water 
quality at landscape level may be addressed by 
the development of riparian buffer strips in sev-
eral ranches. 

 In the region, extension advice is provided by 
the National Agricultural Institute (Instituto 
Nacional de Tecnologia Agropecuaria, INTA) 
and Provincial Estate institutions both of which 
have sub-offi ces in the countryside and small 
agricultural towns. Moreover, under the Cambio 
Rural Program (INTA) there are active consul-
tants responsible for development of groups of 
farmers with a common agricultural activity (e.g. 
sheep, cattle, agriculture). However, in many sit-
uations the advisory function is fragmented 
among several agencies. In any extension pro-
gramme, the perceptions of farmers in relation to 
the practice of silvopastoral systems and ñire for-
est on their farms are important. In addition to 
farmers and rural science researchers (from 
INTA, the National Universities of Patagonia, the 
National Scientifi c and Technical Research 
Council-CONICET), social scientists and policy 
makers can help towards improving farming 
practices through extension programmes. The 
use of research sites for demonstration developed 
in the Patagonian region by the university and 
agency-based research is an important additional 
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resource for the learning process. They have an 
important role to play towards increasing the rate 
of new technology adoption by farmers. However, 
the conventional notion that ‘research precedes 
extension’ must change to a more systems- 
oriented view, where knowledge generation, 
exchange and application are multi-directional 
processes. Joint venture schemes with industry, 
government, or other fi nancial sources can be 
fruitful, particularly when farmers have fi nancial, 
marketing or knowledge issues. In conclusion, 
the challenges associated with the adoption of 
sustainable silvopastoral systems in ñire forest in 
Patagonia also provides the opportunity for an 
ecologically based approach to land management 
that can contribute to production diversity and 
long-term economic sustainability and profi tabil-
ity for farmers and society in this region.     
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    Abstract  

  In the semiarid Coquimbo Region, Chile,  Acacia saligna  is used particu-
larly where reforestation has been promoted with the objective of recovery 
of degraded soils, production of fodder for livestock, fuel wood and con-
trol erosion. This exotic species also has potential use as an important 
source of human food, because the seeds of the trees could be harvested 
and processed for the production of breads and biscuits with nutraceutical 
properties.  Prosopis  is another genus, six members of which are common 
in Chile; they are adapted to areas with very low rainfall, infertile soils, 
and high variations between day and night temperatures. Because of their 
exceptional adaptability to such diffi cult conditions where most other spe-
cies do not survive,  Prosopis  spp. are an important resource for the local 
peasants and indigenous communities, providing them with food and shel-
ter for their livestock.  

  Keywords  

   Acacia saligna    •   Fodder   •    Prosopis  sp.   •   Small landowners   •   Traditional 
practices  
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7.1          Acacia saligna  in Chile: 
A Forage Resource 
with Potential for Food 
Production 

7.1.1     Introduction 

  Acacia saligna,  an exotic species, mainly occurs 
in the semi-arid Coquimbo Region, Chile partic-
ularly where reforestation has been promoted 
with the objective of recovery of degraded soils, 
production of fodder for livestock, fuel wood and 
control erosion (Perret and Mora  2001 ) as seen in 
the work done at the Hacienda Huentelauquén of 
the Province of Choapa (Fig.  7.1 ).

   Plantations were established in the semi-arid 
zone as a result of Decree Law 701 enacted the 
State of Chile in 1974 and implemented by 
CONAF, 1  that subsidized up to 75 % the total cost 
of establishing forest plantations. Currently it is 
estimated that an area of 7,500 ha of  Acacia saligna  
plantations exists in the Coquimbo Region 
(González 2014). This law was intended to stimu-
late forestry activities on soil suitable for forestry, 
on degraded soils and to encourage afforestation, 
especially by small landowners.  A. saligna  come 

1   Corporación Nacional Forestal. 

from the semiarid Western Australian “Wheatbelt” 
and is adapted to extremely dry conditions through 
their physiological mechanisms: form and distribu-
tion of stomata and a deep root system that allows 
the tree to access subsurface aquifers and withstand 
long periods of drought (Maslin  2011 ). 

 Plantations near the coast in the Region of 
Coquimbo allow the species minimize evapotranspi-
ration and survive on coastal moisture. As a pioneer 
species in plant succession,  A. saligna  can fi x atmo-
spheric nitrogen improving the physical and chemi-
cal properties of soils, allowing increased fertility, 
restoration of degraded soils and possible reforesta-
tion with native species in a second rotation (Maslin 
 2011 ). The  A. saligna  resource represents an impor-
tant potential food for humans because the seeds of 
the trees could be harvested and processed for the 
production of breads and biscuits with functional 
and nutraceutical properties (Yates  2014 ).  

7.1.2     Diversity and Adaptation 

  A. saligna  is extremely polymorphic in pheno-
typic characteristics such as phyllodes, growth 
habit cortex and also in ecological and biological 

  Fig. 7.1    Dunes control work 
in Huenteauquén farm. 
Province of Choapa, Coquimbo 
Region. Lat 31°37′38″ S and 
Long 71°33′03″ W (Source: 
Patricio Rojas 2004)       
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attributes. It is endemic to south-western 
Australia where it occurs in areas with annual 
rainfall between 250 and 1200 mm. Taxonomic 
research indicates that polymorphic variation in 
 A. saligna  fi ts four sub species referred to 
McDonald ( 2007 ) and in other publications as: 
(1) the variety  saligna  “cyanophylla”, (2) the 
variety  pruinescens  “Tweed River”, (3) the vari-
ety  lindleyi  as “typical” and (4) the variety  sto-
lonifera  “forest”. This taxonomy offers a range of 
morphological and growth habits among sub- 
species and provenances that may yield specifi c 
advantages that are adaptable to specifi c produc-
tion purposes. Intraspecifi c variation and growth 
habits associated are shown in Fig.  7.2 .

   As an example, those subspecies with a ten-
dency to vegetative propagation such as stolona-
tion (suckering) may not be suited to wood 
production since they will produce multiple 
stems of small diameter, however this character-
istic may be highly desirable if the goal of pro-
duction is fodder for animals, and might further 
the available phyllode biomass. Field observa-
tions in native distribution show that the subspe-
cies  saligna pruinescens  have low occurrence of 
propagation by stolon, however this feature is 
very common in  saligna subspecies stolonifera.   

7.1.3     Forage Resource 

  Acacia saligna  is considered a fast growing spe-
cies, reaching 8 m high at 4–5 years at planting 
sites with limitations like low rainfall and poor 
fertility. In dry lands of northern Chile annual 
increases in height between 30 and 71 cm have 
been observed. Tree growth is lower in prolonged 
drought conditions, so that production varies 
between 1.5 and 10 m 3  ha −1  according to site con-
ditions in rotations of 5–10 years and coppice 
management. In rural arid and semi-arid produc-
tion systems,  Acacia saligna  are generally 
planted to provide supplemental or emergency 
food for prolonged periods of drought, shade for 
small livestock and protection and stabilization 
of degraded soils (Perret and Mora  2001 ). 
However, there are large variations in the nutri-
tional value of this legume species (Maslin  2011 ), 

probably because of their genetic variability and/
or ignorance of this subspecies in plantations in 
Chile (W. O’Sullivan, pers. comm. 2005). Typical 
shape and vegetative propagation of plantations 
in the Coquimbo Region can be seen in Fig.  7.3 .

   Normally farmers use this resource to feed 
sheep and goats, especially during summer and 
autumn. They harvest acacia leaves and stems 
from young and mature trees during the dry sea-
son to provide a daily supplement to grazing 
(Meneses  2012 ). Other farmers permit that sheep 
and goats also eat directly on the shrubs without 
any silviculture management. 

 The recommended planting density for live-
stock systems is 4 × 3 m (833 trees ha −1 ). A greater 
distance between rows, such as 6–10 m may allow 
for greater production of perennial grasses, herbs 
and crops under some conditions. The incorpora-
tion of silvicultural treatments such as pruning 
and thinning improves crop productivity. In arid 
areas the primary purpose is not to produce high 
quality wood, but rather to create and adapt the 
tree architecture to maximize the production of 
forage for livestock (Vita  1996 ). Pruning and tree 
management differ from traditional forestry meth-
ods. Crop management for fodder purposes may 
be accomplished by in situ grazing, managed to 
create a stump of 25–50 cm high after the third 
year, or by topping trees when they reach 2 m in 
height. The cutting intervention should be done in 
the time before the summer growth (Serra  1997 ). 
Bratti ( 1996 ) concluded that the trees cut to 50 cm 
height signifi cantly differed better in vigor and 
growth of other cutting heights made. 

 The fresh foliage is palatable to animals and 
can be used as a food supplement for livestock 
(sheep and goats) containing up to 21 % crude 
protein in dry weight. Serra ( 1997 ) reported that 
phyllode material contains 10–19 % protein by 
dry weight, 24–27 % crude fi ber and 20–26.48 % 
digestible organic matter in vitro. Plantations 
established by INFOR in the arid interior of the 
province of Choapa showed that forage produc-
tion can reach a value between 0.8 and 2.2 Mg 
DM (dry material) ha −1  of dry forage at 3 and 
4 years after planting (Perret and Mora  2001 ). 

 Meneses et al. ( 2012 ) concluded that  Acacia 
saligna  fodder has limitations as feed for goats. In 
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pregnancy its acceptability as the sole forage, rep-
resented 65 % of that of alfalfa hay, but during lac-
tation the intake was higher than alfalfa hay. Blood 
urea is affected with 50 % of acacia inclusion. The 
response of albumin is inconsistent and the other 
blood components did not present effects from aca-
cia consumption. For this Acacia fodder should not 
represent more than 26 % of diet during the last 
third of pregnancy, according to body and birth 
weight. During lactation, acacia should not repre-
sent more than 25 % of diet to avoid affecting milk 
production, although the regression equation deter-

mined that it should not represent more than 7.3 %. 
A higher percentage in the diet would affect animal 
productivity and more than 50 % would affect body 
weight. Maximum DM intake is obtained with 
24.8 % of acacia in the diet (Meneses et al.  2012 ).  

7.1.4     The Food Potential 
of the Seeds, “Wattle Seeds” 

 The seeds of some species of the genus  Acacia  are a 
traditional food in Australia and these are processed 

  Fig. 7.2    Natural geographic distribution of the subspecies of Acacia saligna in Western Australia and differentiation of 
fl ower buds ( a ), juveniles ( b ) clusters and ( c ) fl owers at anthesis in the subspecies saligna (Adapted from Maslin  2011 )       
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in the “bushfood” industry to create fl avoring agents 
in confectionery, sauces and ice cream and fl our for 
bread, pasta and biscuits. There is interest in the 
“functional food” potential of acacia seed in 
Australia due to the high- protein, low glycemic 
index meal that can be produced (Yates  2014 ). The 
glycemic index (GI) is a system for comparing the 
relative rapidity with which an energy containing 
food enters the bloodstream as sugars after con-
sumption. A high glycemic index indicates rapid 
sugar (and thus energy) availability, which requires 
a relatively robust response from the insulin-endo-
crine system. Excessive, long-term exposure to 
foods with a high glycemic index has been impli-
cated in diseases such as type II diabetes. Analyses 
of  A. saligna  seed from fi ve farms in the Coquimbo 
region confi rm the seed as being high in protein and 
that their fi ber content is suitable for use in baking 
in combination with other fl ours (Quitral  2012 ). 
Studies are currently underway to ascertain whether 
 A. saligna  seed may have any benefi cial effects on 
diabetes related illness (Yates  2014 ).   

7.2     Silvopastoral Systems 
with  Prosopis  sp. in Chile 

7.2.1     Silvopastoral Systems 
with  Prosopis tamarugo  Phil. 

7.2.1.1     Introduction 
 The species  Prosopis tamarugo  (Tamarugo) 
grows endemically in the North of Chile and 

today is mostly present in an area called “Pampa 
del Tamarugal”, 70 km east of the city of Iquique, 
in the Region of Tarapacá, but in the past it was 
found growing abundantly between the Regions 
of Arica and Copiapó (FAO  1984 ). It was used as 
fuel wood for the mining activities in the region, 
due to which it has become practically extinct, 
and today is considered threatened. In the 1960s, 
it was planted 20,550 ha of the species in national 
reserves under the system of Chilean Protected 
Areas (FAO  1984 ). 

 This tree mainly grows in the desert ecosys-
tem of Pampa del Tamarugal under very particu-
lar conditions. The climate of the region 
corresponds to a normal desert climate with the 
major biological connotations of high tempera-
tures during the day, great temperature variations, 
almost complete lack of precipitation, occasional 
occurrence of fog, low relative humidity and high 
sun radiation (FAO  1981 ). The mean rainfall var-
ies from 0 to 80 mm per year, depending on 
weather events in the Los Andes Mountain. The 
soil is fl uvial alluvium material from the Andes 
mountain range covered with a superfi cial salt 
crust of 0.1–0.6 m (FAO  1981 ). 

 The Tamarugo receives water from occasional 
fog and underground water, which typically is 
found at 1–10 m but can be as deep as 60 m or 
more (FAO  1984 ), and which the Tamarugo tree 
can extract thanks to its special root system up to 
8 m (FAO  1984 ). Although the Tamarugo often 
grows on soils covered with a thin or sometimes 
rather thick salt crust with underground water at 

  Fig. 7.3     A. saligna  in plantations in the Region of Coquimbo  a  “typical” growth habit,  b  plants propagated vegeta-
tively, by stolons (Source: Patricio Rojas 2010)       
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between 2 and 40 m deep, it has been observed 
that naturally it grows more frequently in areas 
where the underground water is at a depth of 
20–40 m. 

 Mature trees have a root system consisting of 
a dense mass of shallow lateral roots, poorly lig-
nifi ed, of 40–80 cm thick, and one or several tap 
roots, which grow horizontally until a depth of 
7–8 m (FAO  1984 ). These taproots then grow 
vertically down without ramifying, generally 
reaching depths of approximately 4 m. When the 
plant grows on very sandy soils, as is the case in 
the Canchones area, the taproots can grow as 
deep as 7 or 8 m. The moisture-absorbing root 
mass on the surface typically has approximately 
the same perimeter as the tree crown. 

 This species is used as forage by wild and 
domestic animals such as sheep and goats, feed-
ing on its leaves and fruits. Its wood is also used 
as fi rewood, in handcraft and for fl oors. It grows 
on saline grounds where no other tree can grow. 
This makes this species a valuable source of 
charcoal and fi rewood for the local peasants. 

 Under the conditions in Pampa del Tamarugal 
(Fig.  7.4 ), a national reserve protected by the 
National Forest Corporation (CONAF), con-
trolled grazing of goats and sheep is occurring 
during certain periods of the year supporting 
small-scale farmers of the adjacent communities.

7.2.1.2        Forage Productivity 
for Livestock Management 
with Tamarugo 

 This tree produces abundant forage mainly con-
sumed by sheep and goats, occasionally also by 
cattle. Its productivity depends on factors such as 
tree age and development, density, underground 
water depth and quality. Its fruits and leaves fall off 
the tree and spread on the ground, mostly directly 
under the tree crown, providing a forage material 
that contains 10.5 and 10.9 % from fruit and leaves 
of raw protein respectively, 29.7–15.2 % of fi bre 
and 0.46–1.46 % ether extract (CORFO  1984 ). 

 Based on measurements of 19 trees, Oyarzún 
( 1967 ) describes that he obtained an average 

weight of 2.1 kg m −2  seedpods under the tree 
crown. With 30-year-old trees he observed an 
average yield of 3.4 kg m −2  dry matter of fruits 
and leaves per square meter under the tree crown. 
Latrille and García ( 1968 ) estimated the yield of 
leaves and fruits of this tree at 1 kg m −2  under the 
crown of adult trees, which could exclusively 
feed 3.5 sheep ha −1 . Furthermore foraging experi-
ments with French Merino sheep have been car-
ried out in Pampa del Tamarugal, comparing 
different diets with very interesting results as 
shown in Table  7.1 .

   It can be observed from data in Table  7.2 , that 
free foraging in Tamarugo forests allows higher 
weight gains with yearlings and lambs compared 
to feeding with alfalfa hay and dried Tamarugo 
leaves and fruits, and lambing percentages are 
considerably higher under a free foraging 
system.

   Additionally, in the National Reserve “Los 
Flamencos” in the Antofagasta Region, located 
27 km south of San Pedro de Atacama at an 
approximate altitude of 2,300 m above sea level, 
there is a Tamarugo plantation implemented by 
CORFO in 1970 on a surface of 805 ha, known as 
Sector Tambillo. This area of the Reserve has his-
torically been used for silvopastoral activities by 
the local communities, being this the only way to 
provide their livestock with the necessary food 
and shade under the harsh local conditions 
(González and Maraboli  1997 ). Moreover, as of 
1994 six families from nearby Talabre have been 
authorized to make use of this sector, as they had 
been doing historically before that date (CONAF 
 2008 ). This plantation was implemented with a 
distance between trees of 15 × 15 m, in an area 
without trees, banning any livestock during the 
fi rst 6 years, allowing the trees to grow free of 
animal impact in order to safeguard their  survival, 
achieving an average of 4 ft per plantation cell 
(González and Maraboli  1997 ). Although no 
evaluation on the capacity of animal load has 
been made until the date, nor has any manage-
ment been applied to the tree crowns, it has been 
possible to maintain a certain amount of sheep, 
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goats, horses and lamas in the place during short 
time of the year, in spring, to browse leaves and 
eat fruits, but supplemented with hay.  

7.2.1.3     Conclusions 
 The results presented above indicate that this 
type of native forest, with adequate management 
and maintaining a certain limit of animal load 
based on the forage production of leaves and 
fruits per season, would allow sustainable live-
stock management for the benefi t of the local 
peasants and indigenous communities of this area 
in Chile. Furthermore, it is recommended to gen-
erate public policies allowing the recovery of this 
species, both for the benefi t of the environment 
and the livestock economy of the local communi-
ties, both related to domestic and wild animals.   

7.2.2     Silvopastoral System 
with  Prosopis chilensis  (Mol.) 
Stuntz 

7.2.2.1     Introduction 
 The Chilean Algarrobo tree ( Prosopis chilensis  
(Mol.) Stuntz) is a woody leguminous species 
widely distributed in arid and semi-arid regions 
in Latin America (Pinto and Riveros  1989 ). 
According to Peralta and Serra ( 1987 ), its wide 
distribution area reaches from the South of Peru 
to the northern and central part of Chile, the 
South-West of Bolivia to the northwestern, west-
ern and central part of Argentina. As to its 
 geographical distribution in Chile, FAO ( 1997 ) 
points out that the Algarrobo tree grows in the 
arid and semi-arid regions of the northern and 

  Fig. 7.4    ( a ) Isolated tamarugo ( Prosopis tamarugo ) tree, 
growing in the Pampa of Tamarugo, located 70 km east of 
the city of Iquique, Tarapacá Region, Chile; and ( b ) 

Tamarugo plantation, Pampa of Tamarugal, Chile (Source: 
Alvaro Sotomayor)       

   Table 7.1    Comparison of results obtained with French 
Merino sheep in Pampa del Tamarugal Reserve, located 
70 km east of the city of Iquique, Tarapacá Region, Chile, 

fed with Tamarugo leaves and fruits (kg day −1 ), alfalfa hay 
(kg day −1 ) and free foraging in Tamarugal (Lanino  1966 )   

 Variables 

 Feedlot production of sheep according to type of forage (weight gains in kg live weight 
per animal) 

 Dried Tamarugo leaves and 
fruits, 2 kg day −1  

 Alfalfa hay, 
1.5 kg day −1  

 Free foraging of leaves and fruits in the 
Tamarugo forest 

 Lamb weight at weaning: 

   Yearlings (kg)  15.0  21.5  26.7 

   Lambs (kg)  14.0  25.0  29.6 

   Fleece weight (kg)  2.81  3.18  3.77 

   Fiber length (mm)  5.90  6.44  – 

   Lambing (%)  48  63  111 

  Note: Fleece, set of wool that is cut from a sheep at shearing time  
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central part of the country in the provinces of 
Copiapó, Elqui, Limarí, Choapa, San Felipe, Los 
Andes and is particularly abundant in the north-
ern part of the Santiago watershed. Algarrobo is 
the most abundant  Prosopis  species in Chile, cov-
ering more than 50 % of the national surface in 
the Metropolitan Region (INFOR  1986 ). 
Altamirano ( 2012 ) distinguishes it as the south-
ernmost  Prosopis  genus in South America, grow-
ing in Chile between latitudes 22°46′ and 33°40′ 
S (from the Metropolitan Region to San Pedro de 
Atacama in the Antofagasta Region). 

 This species occupies a very specifi c habitat 
with a well-defi ned ecological position, it can be 
found in valleys or in areas with relatively super-
fi cial underground water and on the bottom of 
gullies with more effective water accumulation. 
It occupies limestone and salty soils, where the 
species develops under conditions of high aridity 
(Peralta and Serra  1987 ). It can be found in the 
Central Valley and the lower parts of the coastal 
mountains, as disperse individual trees or in 
small patches of forest (Altamirano  2012 ). 

 The Chilean Algarrobo grows in environments 
with an average annual precipitation rate of 
28–356 mm, concentrated mainly in winter, 
reaching zero precipitation in dry years, with tor-
rential rainfalls occurring in few occasions, but a 
dry period of 8–12 months as a rule. The natural 
habitat of the species is characterized by very 
high temperature variations between January and 
July, as the hottest and the coldest month respec-

tively, as well as extreme temperature changes 
between night and day. The species can endure 
occasional frosts with temperatures of 
−5 °C. Annual average temperatures vary 
between 14.3 and 14.9 °C, absolute maximum 
temperatures reach 27.4–30.6 °C. In the North as 
well as in the distribution area further south, rela-
tive humidity is always below 78 %, being these 
very dry environments with high potential evapo-
transpiration, intense sun radiation and high 
luminosity. Algarrobo prefers thick, often stony 
and normally alkaline, secondary soils of volca-
nic origin with a sandy or loamy-sandy texture. It 
is very resistant to salinity and can grow on soils 
with a pH value between 7.6 and 8.9, rich in 
sodium. It occupies well-drained soils, on gentle 
to steep slopes in valleys and gullies between 500 
and 1,500 m above sea level (FAO  1997 ). It is 
never found above 1,800 m altitude and when 
growing on grounds that occasionally receive 
irrigation, its development and lushness can be 
quite impressive (Ortiz  1966 ).  

7.2.2.2     Productivity of  Prosopis 
chilensis  

 According to González ( 2013 ), density of natural 
formations (number of trees ha −1 ) of Algarrobo  s  
in the Metropolitan Region is very low due to its 
devastation and over-exploitation in the past, 
being used as fi rewood, construction wood, pro-
duction of charcoal and as fuel wood for metal 
foundries. The surface covered with Algarrobo in 

    Table 7.2    Estimation of total production of Algarrobo 
fruits (kg of seed pods), in the Metropolitan Region, 
Chile, considering individual trees growing under differ-

ent conditions, according to the current soil use, surface 
(ha), production (kg pods tree −1 ) and density (trees ha −1 )   

 Type of formation  Surface (ha) 
 Production (kg pods 
tree −1 )  Density (trees ha −1 ) 

 Total annual 
production according 
to formation type (kg 
pods) a  

 Natural formations  7,419  15  28  720,524 

 Associated to 
agricultural production 

 3,213  61  1  195,214 

 Protection areas  609  15  12  25,330 

 Plantations (including 
wind curtains) 

 66  2  254  8,035 

 Urban  521  5  16  9,397 

 Total  11,828  958,499 

   a Considering that 23 % of the trees are under production each year, except for formations in association with agricultural 
production  
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2013 was determined to be 11,828 ha, located in 
Chacabuco Province and differentiated into fi ve 
types of formation considering different uses, 
densities and productivity: natural for silvopasto-
ral system, associated to agricultural production 
(annual crops and fruit production) (Fig.  7.5 ), 
protection areas, plantations and urban environ-
ments (parks and residential areas) (Table  7.2 ).

   In relation to fruit production, FAO ( 1997 ) 
indicates that an adult Algarrobo tree can pro-
duce 100 kg of seedpods; however this is not the 
rule, as it can be affected by factors such as sun 
radiation, tree age and growing site. Vásquez 
et al. ( 1991 ) mention that average annual fruit 
production varies between 30 and 40 kg of pods 
per plant. However, on sites with less favourable 
conditions it can lie below 10 kg. On the other 
hand Serra ( 1997 ) points out that some trees 

show variations in production between 10 and 
200 kg per tree. Studies carried out in Pampa del 
Tamarugal by CORFO ( 1984 ) show that forage 
obtained from fruits and leaves of  Prosopis 
chilensis  contain between 7.6 and 13.5 % protein 
and 26.0 and 19.9 % raw fi bre respectively, indi-
cating that it would have to be complemented in 
order to guarantee a balanced diet for sheep and 
goats, especially during pregnancy and lactation. 
When analysing its energy input it can be com-
pared to medium-quality (CORFO  1984 ). 

 For the Region of Valparaíso, in the commune 
of Calle Larga, an average of 2.8 trees ha −1  can be 
found in a situation of dry slopes mainly inte-
grated into mixed agricultural/forestry systems, 
where the average productivity per tree reaches 
6.13 kg of seedpods per square meter under the 
tree crown. It is important to bear in mind that 

  Fig. 7.5    Cattle using adult Algarrobo tree ( Prosopis 
chilensis ) for shelter from the sun, Fundo Quilapilun, 
Province of Chacabuco, Metropolitan Region, Chile 

(UTM (19H) 345412–6337171, Altitude 804 m) (Source: 
Marlene González  2013 )       
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Algarrobos growing inside silvopastoral system 
fi elds have the highest fruit production per tree, 
but the lowest density (number of trees ha −1 ).  

7.2.2.3     Conclusions 
  Prosopis chilensis  continues to be a good alterna-
tive as forage for livestock management, in par-
ticular on small-scale farms in the Metropolitan 
Region, where trees are well managed in order to 
provide shelter for the cattle held in this area. Its 
importance becomes evident through its tradi-
tional use as complementary forage, especially in 
critical periods, for 3 weeks to 1.5 months each 
year, when the fruits are collected and stored to 
be used when needed (G. Trivelli, pers. comm. 
2012). The same situation was also reported by 
Contreras ( 1983 ), who by quoting the National 
Academy of Sciences ( 1979 ), indicated that the 
fruits or pods were collected and stored to be 
used later as feed for the cattle during 1 or 
2 months of the year, with a nutritional value 
comparable to barley and corn. Hence it is rec-
ommendable that this species be included in the 
regional development silvopastoralism strategies 
and promotion policies, destined to support its 
recovery for the purposes of soil protection and 
livestock shelter and forage for small-scale farms 
and local communities in the central part of 
Chile.    

7.3     Traditional Agroforestry 
Practices in Chile: 
From Practice to Science 

7.3.1     Introduction 

 Agricultural activities associated with trees have 
existed in Europe since the Middle Age (King 
 1987 ). A variety of agroforestry practices have 
also existed in the Americas since pre-hispanic 
times (Reynel and Morales  1987 ; Carlson and 
Añazco  1990 ; Budowsky  1994 ). Unfortunately, 
most of them have been replaced by the high-tech 
productive models seen today, with a high degree 
of artifi cialization to ensure greater productivity. 
However, it has become clear that even if these 
models are successful in economic terms, one of 

the greatest challenges is their environmental and 
social viability, that is why it has not been possi-
ble to replicate these models on a small scale, and 
this has generated an enormous gap between 
large-scale production and family farming. 

 On the other hand, when one observes rural 
smallholdings, it is possible to identify different 
uses and distribution in the fi eld where multiple 
activities and diversity of products can be found, 
which responds to a strategy for survival, where 
the productive rationale is to guarantee the liveli-
hood of the family with minimal risk. As a matter 
of fact, according to several studies, the hypoth-
esis that would explain the extensive diversifi ca-
tion present in small-scale farms in Latin America 
is the aversion to risk (Reca and Echeverría 
 1998 ). Therefore, rural production systems 
involve a combination of a certain amount of 
labor and various means and factors of produc-
tion within a given space carried out by the pro-
ducer, based on available resources, in order to 
obtain certain crop and animal goods, hence, the 
rural production system chiefl y consists of agri-
cultural, livestock and forestry subsystems. 

 The diversifi ed uses of the land come from the 
“ how it is done ” transmitted from one generation 
to the next, with the incorporation of new tech-
nologies, only if the economic resources are avail-
able, but always using the space in a variety of 
ways and with the interrelation of productive sec-
tors. Farmers, whether they possess the technical 
knowledge or not, and regardless of the size of 
their property, plan their activities and the use of 
the space and resources they have to satisfy their 
production or consumption needs, and to generate 
income. Farmers determine how they will com-
bine uses in one plot and how they will make the 
best use of it; this is nothing more than planning 
for and diversifying the use of farmlands, in other 
words, agroforestry (Benedetti  2012 ). 

 Therefore, this interrelationship between the 
sectors stems from historic and empirical knowl-
edge that is not based on scientifi c studies; there-
fore, these forms of “doing” are classifi ed as 
practices. In this sense, agroforestry is a tech-
nique known and commonly used by farmers 
since ancient times, with an enormous variety of 
combinations since they have to understand and 

P. Rojas et al.



179

combine the potential and limitations of the eco-
systems they inhabit and adapt them to their 
social and economic conditions and culture 
(Benedetti and Valdés  1996 ). However, it was 
only a few decades ago that agroforestry began to 
emerge in the scientifi c-technical scenario as a 
science that can underpin the failure of the pre-
vailing agroforestry model to meet the basic 
demands of the rural population. This is also the 
case in Chile where issues such as integrated pro-
duction systems, land and property use manage-
ment, productive diversifi cation and multipurpose 
species are becoming increasingly important, but 
have been the subject of very limited research 
and developments that have focused primarily on 
forest grazing models. 

 In this context, it is suggested that Chile’s rich 
traditional agroforestry practices, which are a 
result of the country’s environmental and cultural 
diversity, contribute enormously to the develop-
ment of agroforestry models that take into 
account cultural and social elements to facilitate 
their adoption. This is why it is so necessary to 
recover, analyze and understand them.  

7.3.2     Traditional Silvopastoral 
Practices in Chile 

 Family farming in Chile is represented by vari-
ous types of producers from different ethnic and 
cultural backgrounds and environmental condi-
tions, namely from highland communities in the 
north, farm communities in the center-north 
region, Mapuche communities in the south and 
small landholders throughout the country. Their 
productive practices are based on crop and live-
stock production models in which trees can play 
either a passive or active role, depending on the 
agro- climatic conditions. In areas with limited 
soil and water, there is a low proportion of arbo-
real elements, and these are mostly associated 
with crops and fodder. In sectors with better 
environmental conditions, trees play a more 
prominent role in maintaining productivity and 
in contributing to family income. Even if these 
traditional practices are common to all groups, 
they often differ in terms of the interrelation and 

space arrangements, which depend on the envi-
ronmental conditions and socio-cultural charac-
teristics of each group. The following are some 
of the most common agroforestry practices iden-
tifi ed in Chile.

    Protein banks : these are shrub species used for 
fodder grown in soft and steep slopes, on plat-
forms or terraces where they are used to 
demarcate and protect plots. The fodder is 
harvested and fed to the livestock in their 
barns.  

   Grazing in croplands : on soft slopes and plains, in 
structures known as “melgas” or windrows. 
These windrows resemble terraces but are larger 
in size and are used for crop or fodder produc-
tion. Each sector is separated by rocks, cobble-
stone fences, or live fences made of shrubs. 
Animals are brought in to each sector post-har-
vest to graze for a limited period of time on har-
vest residue. This is done to control grazing and 
replenish the soil with organic fertilizer.  

   Family gardens : one of the most common prac-
tices in the Chilean highlands. These gardens 
are located on land close to the farmer’s home 
or outside their family farms in small plots 
known as  hijuelas  or  tablones , which are gen-
erally square or triangular in shape. Windrows 
are built using mud or a combination of mud 
and rocks. These structures are used as 
entrances and irrigation channels. Fruit trees 
are planted over them to be used for feed or 
wood, and to provide shade and protection 
from low temperatures or frost. The areas used 
to grow crops are located between the wind-
rows. These areas are demarcated using live 
fences with trees or bushes. This practice 
involves fallowing, crop rotation and organic 
compost and animal guano to cover the earth.    

7.3.2.1     Agroforestry Practices 
in Valleys and the Desert 
in Chile’s Norte Grande Region 

  Windbreaks and live fences : trees on land used 
for crop or fodder production are a common sight 
in the desert valley. Trees are situated along the 
boundaries of the farms as a form of demarcation 
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and to protect crops from the wind. For this, the 
trees are planted perpendicularly to the direction 
of the wind. This practice is classifi ed as agrofor-
estry if it involves crop production, and silvopas-
toral farming if forage crops are being produced, 
or consumed on site by livestock. 

  Mixed tree and grassland farming : Considers 
grassland cultivation in sectors of valleys and 
oasis with irrigation possibilities, using trees or 
fodder shrubs along the grassland boundaries. 
The farming areas are rectangular-shaped pasture-
lands. The trees, normally leguminous, are used 
for fi rewood and their fruit for animal or human 
consumption. The tradition is to plant two or three 
trees for each tree that has been harvested.  

7.3.2.2     Agroforestry Practices 
in Farming Communities 

 Farming communities are a form of community- 
based land tenure that began in colonial times in 
the Coquimbo and Valparaíso regions, primarily 
in areas with severe environmental limitations. 
The following agroforestry practices have been 
identifi ed in this group:

    Rainfed croplands : these are plots that the com-
munity supplies to a member of the commu-
nity for dryland farming. The amount of land 
provided depends on the farmer’s and their 
family’s capacity to work the land. The plots 
are demarcated with live fences with cacti that 
form an impenetrable live barrier. This fence 
is essential since the main productive activity 
is goat farming. Traditionally, these rain fed 
croplands have been used for growing corian-
der, anise and wheat for a period of several 
years until productivity dwindles, after which 
they are used for grazing. Currently, as a con-
sequence of the drought, these lands have 
been converted to forests for fodder using spe-
cies such as  Atriplex nummularia  and, or 
 Acacia saligna .  

   Protective and productive forest areas : generally 
found in shared community fi elds, especially in 
ravines where natural forests already exist or 
trees are planted to shelter animals from the sun 
or rain, for fi rewood or to protect water sources.     

7.3.2.3     Agroforestry Practices 
in the Central Region of Chile 

  Grazing in the Espinal : grazing in espino ( Acacia 
caven ) steppes is a practice that has existed 
throughout history in the Central Region. Espino 
is a nitrogen-fi xing leguminous tree that provides 
a natural canopy under which goats and cattle can 
graze on the wide variety of high quality fodder 
that grows beneath it. Espino is also used to pro-
duce charcoal, which, together with the extensive 
grazing, has caused serious degradation in this 
ecosystem.   

7.3.3     Conclusions 

 The traditional agroforestry practices represent 
an important knowledge-base and contribution to 
developing promising agroforestry technologies.      
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    Abstract  

  In Chile, indigenous forests (mostly  Nothofagus  sp. and  Acacia caven ) 
and plantations of fast-growing exotic species cover 13.5 and 2.4 million 
ha, respectively. The latter consists principally of  Pinus radiata  and 
 Eucalyptus  sp., but also include cherry ( Prunus avium ), poplar ( Populus  
sp.), and walnut ( Juglans regia ). The main silvopastoral systems that have 
been established in the temperate zone of the country, excluding arid, 
semiarid and Patagonian regions, are in: (1) an old  Nothofagus  forest in 
the foothills of the Andes, (2) a second-growth “Roble” ( Nothofagus obli-
qua ) forests of the Andes, with the objectives of rejuvenating the over- 
mature forests, and evaluating the quantity and quality of pasture that is 
sown under different tree coverages. The  Pinus radiata -based silvopasto-
ral systems are the most common system adopted by smallscale agrofor-
estry producers in the Mediterranean Chile in diverse environments from 
semiarid to humid zones. Furthermore, because of the expanding markets 
for pine nuts and timber of several hardwood species, several experimental 
trials were established in the past 20 years between the Valparaiso and Los 
Lagos regions, including exotic species such as cherry, walnut, poplar and 
stone pine ( Pinus pinea ). Through regular income from the sale of diverse 
woody and non-woody forest products, these innovative silvopastoral 

        F.   Dube      (*) •    B.   Müller-Using    
  Department of Silviculture, Faculty of Forest 
Sciences ,  University of Concepción ,   Victoria 631, 
Casilla 160-C ,  VIII - Concepción ,  Chile   
 e-mail: fdube@udec.cl   

    A.   Sotomayor    
  Instituto Forestal (INFOR) , 
  Sede Biobío, Camino a Coronel Km 7.5, Casilla 
109-C ,  Concepción ,  Chile     

    V.   Loewe    
  Instituto Forestal (INFOR) , 
  Sede Región Metropolitana, Av. Sucre 2397, Casilla 
3085 ,  Santiago ,  Chile     

 8

    N.   Stolpe    •    E.   Zagal    
  Department of Soils and Natural Resources, Faculty 
of Agronomy ,  University of Concepción , 
  Vicente Méndez 595 ,  Chillan ,  Chile     

    M.   Doussoulin    
  Department of Animal Production, Faculty of 
Agronomy ,  University of Concepción , 
  Vicente Méndez 595, Casilla 537 ,  Chillan ,  Chile    

mailto:fdube@udec.cl


184

 systems help improve the quality of life and wellbeing of small farm 
 owners in temperate Chile.  

  Keywords  

  Forage crops   •   Over-mature forest   •   Sustainability   •   Economic analysis   • 
  “Roble”   •   Small producers  

8.1       Introduction 

 Forests in the Chilean territory cover an area of 
15.9 million ha, of which 13.5 are native forests 
and 2.4 exotic plantations (INFOR  2013 ). The 
latter consists mostly of  Pinus radiata  (1.47 mil-
lion ha) and  Eucalyptus  spp. (774,000 ha) that 
have been established mainly for industrial pur-
poses. The principal products obtained are pulp 
and paper, sawn wood, particleboard, and ply-
wood, which in 2012 represented a USD 5.3 bil-
lion share of total exports. Other planted species, 
although in a minor proportion include poplar, 
acacia, chestnut, Atriplex, ponderosa pine, lodge-
pole pine ( Pinus contorta ), and Douglas fi r 
( Pseudotsuga menziesii ). 

 The native forests of the temperate zones of 
Chile are distributed in two broad bands, one 
along the Andes at altitudes between 600 and 
900 m above sea level, and the other along the 
Coastal mountain range between 400 and 800 m 
above sea level. The latter band, however, is dis-
continuous as the Coastal mountain range is an 
area where large areas of native forest have been 
replaced by faster growing plantations (e.g., 
 Pinus radiata ). Most of the remaining spots 
belong to small landowners who use their forests 
not only as a source of fuelwood and building 
material but also as pasture for cattle grazing and 
shelter for animal protection in winter. 

 In many cases, this multiple use is not in 
equilibrium with the limited potential of these 
forest ecosystems. A recent study from INFOR 
( 2012 ) shows that in the Biobío Region for 
example, 50 % of the  Nothofagus  forests are so 
thin that they should not be intervened within 
the next 10–15 years in order to recover normal 

stocking levels. One of the causes is the pres-
ence of cattle that cause stagnation of natural 
regeneration processes. 

 In the dry lands of the Mediterranean region of 
Chile (also known as “Secano Interior”), most of 
the landowners use a large proportion of their 
properties to raise livestock (cattle and sheep) 
and produce annual crops (barley and wheat), 
without concern about the long-term sustainabil-
ity of their lands. As a result, large areas are 
found with different degrees of erosion, mostly 
from overgrazing, but also because of insuffi cient 
soil protection that would normally be provided 
by trees and shrubs if these were present at higher 
densities. According to CIREN ( 2010 ), more 
than 50 % of Chilean soils are eroded, an alarm-
ing situation that may have irreversible conse-
quences if not soon addressed. 

 As a consequence, improved management of 
rural properties should include innovation and 
incorporation of appropriate technologies in 
order to increase the effi ciency of traditional 
activities, and take into account the overall 
 sustainability of the systems in place. With this in 
mind, forestry and livestock activities can be 
integrated into effi cient and productive silvopas-
toral systems, resulting in a symbiosis, or a syn-
ergy between forests and grazing components 
(Dube et al.  2012 ; Sotomayor et al.  2008 ). 

 From the technical point of view, the overall 
productivity of agricultural resources found in 
silvopastoral systems can be signifi cantly 
increased (Anderson et al.  1988 ) because of the 
better environmental conditions created within 
the area of infl uence of the established trees 
(Dube et al.  2012 ). These include reduced wind 
speed, higher ambient temperatures, better soil 
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moisture, fewer periods of water defi cit, and pro-
tection of livestock against rain, wind and cold 
temperatures. Trees also provide an effi cient soil 
protection against wind and rain erosion (Dube 
et al.  2012 ,  2013 ; Sotomayor  1990 ; Quam and 
Johnson  1999 ; Sotomayor and Teuber  2011 ). 
Simultaneously, the introduced trees benefi t from 
(i) the presence of livestock that may adversely 
affect weed growth, especially in the early years 
after establishment of the tree component, which 
in turn reduce the risks of forest fi res, (ii) 
enhanced nutrient cycling into the soil, (iii) appli-
cation of fertilizer for the pasture and forage 
crops, and (iv) larger space available for plant 
growth as a result of the agroforestry 
arrangement. 

 From the economic point of view, local pro-
ducers can maintain a constant cash fl ow through-
out the year coming from the sale of animal 
products (meat, milk and wool), and periodic 
cash income from thinning and pruning the forest 
to produce diversifi ed wood products (e.g., fi re-
wood, lumber, posts for fences) (Dube et al. 
 2002 ; Sotomayor  1989 ). These products may 
help to pay some of the household expenses of 
landowners and improve their quality of life 
(Leslie et al.  1998 ; Polla  1998 ). Furthermore, 
high-quality timber products (e.g., premium clear 
wood, wood with tight knots) can be obtained at 
the end of the forest rotation. Additionally, barren 
rural properties also usually gain value when 
trees are established and appropriately managed 
therein. 

 A unique feature of these integrated produc-
tion systems is their overall sustainability. For 
instance, they not only permit reclaiming 
degraded lands through effi cient control of ero-
sion, but also afford the protection of waterways 
and improvement of water quality; they can con-
tribute to increase CO 2  sequestration (Dube et al. 
 2011 ); they may generate aesthetical landscapes; 
and they can preserve and increase the amount of 
wildlife. The following sections describe the 
principal silvopastoral systems that have been 
established in the temperate zone of Chile, 
excluding arid, semi-arid and Patagonian 
regions.  

8.2     Silvopastoral Management 
in Old  Nothofagus obliqua  
Forests in the Mediterranean 
Region of South 
Central Chile  

8.2.1     Introduction 

 Within the remaining indigenous forest areas of 
the Biobío Region of Chile, second-growth 
“Roble” ( Nothofagus obliqua ) forests, with or 
without the presence of “Raulí” ( N. nervosa ), 
cover approximately 450,000 ha (INFOR  2012 ). 
This forest resource has a high potential for timber 
production, and a series of related products such as 
fuelwood, particleboard, and lumber. However, the 
forests are not only used to produce fuel and build-
ing materials, but also as pastures for cattle graz-
ing and as shelter to protect the animals in winter. 
Cattle can severely impair the establishment and 
regeneration of natural vegetation, as well as cause 
soil compaction from trampling of the topsoil, and 
overstocking the cattle on the pastures. 

 Unfortunately, there is no specifi c governmental 
regulation regarding the use of second-growth for-
ests for pastures, although it is known that uncon-
trolled cattle-raising is one of the factors that 
substantially contribute to the degradation of for-
ests. The degraded areas, especially those located 
in sectors with steep slopes can undergo severe ero-
sion that will complicate, in some cases, the rein-
troduction of forest species (Ortega and Rodríguez 
 1994 ). In general, the second- growth “Roble” for-
ests are presently found in areas that are not suit-
able for agriculture (i.e. with pronounced relief). 

 Non-systemic grazing will eventually alter the 
environmental benefi ts that are provided by for-
ests (e.g., protection of water quality, increased 
biodiversity, and mitigation of greenhouse gas 
emissions that are responsible for global warm-
ing). Forest degradation due to deforestation, 
grazing and erosion implies that the damaged 
tree stands and underlying soils will sequester 
less carbon, resulting in an increase of net CO 2  
emissions to the atmosphere (Dube et al.  2011 ). 
Given the absence of studies on sustainable silvo-
pastoral systems in “Roble” forests having differ-
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ent amounts of canopy closure that are used in 
conjunction with improved pastures under differ-
ent light conditions, there is an urgent need to 
investigate the effect of pastures and grazing on 
the natural and artifi cial regeneration of “Robles” 
and “Raulíes” forests of south–central Chile. 
Additionally, it is important to learn how these 
systems will affect the live weight gain of cattle 
that graze in them. 

 Therefore, the general objective of this study 
is to develop standards of silvopastoral manage-
ment in old “Roble” forests with different levels 
of canopy closure as an option for sustainable 
management in a native forest area (Ranchillo 
Alto) in the Andes, Biobío Region, Chile. The 
specifi c objectives are to: (i) Evaluate the quan-
tity and quality of pasture established under dif-
ferent degrees of tree-canopy coverage, as well as 
changes in the botanical composition of the her-
baceous strata after 3 years of silvopastoralism; 
(ii) Monitor the establishment of native species 
(an essential component for the sustainability of 
silvopastoral systems) that were planted to effec-
tively rejuvenate the over-mature forest resource; 
(iii) Determine the combined effect of herba-
ceous legumes ( Trifolium  sp. and  Lolium  sp.) and 
nitrogen fertilization on the content of total C and 
N in soil as well as on the growth of the planted 
trees; (iv) Assess the effect of canopy closure 
(open, partly open and partly closed) on the qual-
ity and quantity of soil organic matter; and (v) 
Encourage the establishment of productive silvo-
pastoral systems in the properties of neighboring 
communities, using appropriate rural experiences 
and traditions combined with scientifi c innova-
tion to produce a better quality of life.  

8.2.2     Problem of the Study Area 

 The “Ranchillo Alto” property is state owned 
land and includes a large area of native forest, 
which is under heavy pressure from long-term 
and ongoing land uses that include cattle grazing, 
and tree cutting for fi rewood, charcoal and tim-
ber. These processes strongly threaten overall 
biodiversity, soil quality and the very existence of 
the forest itself. The “Calabozo” and “Avellano” 

areas (north and south sectors of the property, 
respectively) are located in the foothills of the 
Andes Mountains, and are both occupied by rem-
nants of the native forest with indigenous species 
such as  Nothofagus antarctica ,  N. dombeyi ,  N. 
nervosa ,  N. obliqua , and  N. pumilio ,  Laurelia 
sempervirens ,  Gevuina avellana ,  Drimys winte-
rii ,  Lomatia hirsuta , and  Podocarpus saligna . 

 The local economy around “Ranchillo Alto”, 
is characterized by a predominance of agricul-
tural and forestry activities. The “Calabozo” 
northern sector has a population of 30 people, 
while 112 inhabitants live in the “Avellano” 
southern sector. Regarding the socio-economic 
conditions of the households, 93 % are classifi ed 
as being poor. In this rural economy, women sig-
nifi cantly contribute to family nutrition through 
gardening, horticulture, livestock management 
(cattle and sheep), and the preparation and pres-
ervation of food. Consequently, women play an 
important role in food security for the family and 
community. Small farm or “campesino” commu-
nities are organized into groups of neighbors 
who, through regular meetings, take democratic 
decisions so that they might implement strategies 
for equitable and profi table rural development. 
The strategies, however, are often based on short- 
term considerations rather than long-term bene-
fi ts to the community. 

 Livestock raising is a common activity 
throughout “Ranchillo Alto”, except for the areas 
with higher elevations and peaks. The land that 
normally provides most of the animal forage is 
highly valued by the community since the major-
ity of surrounding properties generally do not 
have the capacity to produce suffi cient forage for 
livestock consumption throughout the year. 
Unfortunately, continual animal grazing also hin-
ders the natural regeneration of trees in the more 
open sites, which eventually affects the quality 
and density of the stands of “Robles” and 
“Raulíes”, and also favors the proliferation of 
 Chusquea quila , which is an invasive species of 
bamboo in the region (AMBAR  2010 ). 

 Illegal timber extraction occurs mainly in the 
western part of the property, where both dead and 
green woods are harvested. However, intensive 
logging can be found throughout the site, and a 
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large proportion of the forest has already been 
intervened and subsequently degraded. Obvious 
signs of degradation can easily be seen in the 
plant communities of “Coigüe ( N. dombeyi )-
Roble” and “Roble”, where continuous, non- 
systemic, grazing is used. It is also possible to see 
large areas where all of the timber has been har-
vested, beside areas where selective extraction of 
some individual trees has occurred. In these 
areas, the forest is relatively open, or thin, and is 
comprised mainly of small trees, and patches of 
degraded pastures that support livestock activity. 
Harvested wood is used primarily for heating and 
charcoal production, with the fi rewood being 
used for family consumption, while charcoal is 
usually sold in nearby villages and contributes to 
cash income for families in the area. Thus, one 
can perceive that the vegetation has been inten-
sively and illegally exploited without proper 
management, whether commercially or for sub-
sistence, which leads to overexploitation of the 
forest. 

 In 1992, the EULA center of the University of 
Concepción, Chile conducted a study to classify 
the amount and extent of soil erosion for the 
Biobío River Watershed (Peña and Carrasco 
 1993 ). The authors concluded that 76 % of the 
Andean Foothills was affected by moderate to 
severe erosion. In pastures of “Ranchillo Alto”, 
erosion indicators include compaction of topsoil, 
small gullies, and light-colored surface soils that 
implies a loss of the original topsoil that con-
tained a higher content of organic matter. Soils 
with decreased contents of organic matter will 
have reduced fertility over time, and lower plant 
vigor and reduced forage production for grazing.  

8.2.3     Silvopastoral 
Recommendations 
for Sustainable Forest 
Management 

 In both the north and south areas of the “Ranchillo 
Alto” property, a portion of each of the forest 
types present was left without any production 
management whatsoever and subsequently pro-
tected from grazing and illegal logging. However, 

in other parts of the forests, management was 
applied that tends to encourage rejuvenation of 
the over-mature forest. The silvicultural treat-
ment that is mainly recommended here is called 
“continuous cover”. This system uses neither 
extensive clear cutting, nor broad cuts in small 
areas, but rather the selective cutting technique of 
silviculture harvesting of small groups of trees or 
individual trees. The adequate dosing of incident 
light is achieved using these rather precise inter-
ventions, such that seed regeneration by parent 
trees can be initiated, or the existing regenera-
tions can be enhanced. 

 In the specifi c case of the pure “Roble” forests 
the situation is different. These areas are more 
open given that “Roble” as a deciduous species 
lets in a greater amount of light reaching the 
ground during the year, thus creating favorable 
conditions for growth of  Chusquea quila  and  C. 
culeu . If these areas were not exposed to live-
stock grazing, an impenetrable understory would 
be established in just a few years. In these sec-
tors, we conduct sequential silvopastoral man-
agement, with a series of paddocks, where cattle 
is grazed, while respecting the carrying capacity 
of the site. “Roble” is a species that is well suited 
to silvopastoral management given its deciduous 
leafi ng, canopy structure and its light colored 
leaves that allow better light transmission; char-
acteristics that also favor the establishment and 
growth of grasses. Additionally, as part of the 
management strategy, cattle are excluded from 
riparian buffer strips that protect the water-
courses. This management system harmonizes 
sustainability with the traditional raising activi-
ties, and respects the cultural tendencies of the 
local population.  

8.2.4     Materials and Methods 

8.2.4.1     Site Description 
and Characterization 

 The “Ranchillo Alto” state property belongs to 
the Municipality of Yungay, province of Ñuble, 
Biobío Region (1200–2000 m altitude, 37°03′–
37°04′ S and 71°38′–71°39′ W). It is located 
120 km east of Concepción and covers approxi-
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mately 653 ha. The site is located in the biologi-
cal corridor “Nevados de Chillán – Laguna del 
Laja”, and is technically an area having offi cial 
protection by the state. It is also part of CIAF 
(Center for Investigations in Agroforestry) of the 
University of Concepción, which has the overall 
mission to support the future of agricultural and 
forestry farms through the achievement of eco-
nomic, environmental and social sustainability. 

 In this part of the Andes, the prominent cli-
mate is “warm temperate Mediterranean with a 
short dry season” (<4 months), with an average 
annual rainfall of 3000 mm, and mean annual 
temperature of 13.5 °C (AMBAR  2010 ). Two 
series of volcanic soils (Andisols) are mapped 
(CIREN  1999 ) in areas of lower to higher slopes 
and have been classifi ed as Humic Haploxerands 
and Typic Haploxerands, respectively. Some of 
the most important features of volcanic soils 
include high content of organic matter in the top-
soil, low bulk density, which varies between 0.6 
and 0.9 g cm −3 , low pH, and high fi xation of soil 
phosphorus that may cause defi ciency of this 
nutrient in plants. The chemical properties from 
the north and south locations are summarized in 
Table  8.1 .

   The contents of soil organic matter, and total 
C and N are high in both sites, which were 
expected given the volcanic origin of these soils. 
The content of soil nitrate-N is slightly higher in 
the south, but still low in both sectors. In general, 
nutrient levels are medium to low, with the excep-
tion of certain micronutrients (Fe, Mn, Cu). 
Sulfur is low only in the south while boron is 
very low in both sectors. Adequate fertilization 

will therefore be required at the establishment of 
improved pastures. 

 Two areas for silvopastoralism were defi ned in 
“Ranchillo Alto” (Fig.  8.1 ): north and south. In 
the southern part of the forest, three degrees of 
canopy closure (or treatments) were identifi ed: 
open canopy, partly open canopy and partly closed 
canopy. All treatments have similar slopes 
(1–3 %) and uniform exposure. Each treatment 
covers 4 ha and has three plots (or replicates) of 
1.33 ha each, all geo-referenced by GPS. In the 
northern area, two degrees of tree canopy closure 
were identifi ed: partly open and partly closed. In 
this sector, each treatment covers an area of 6 ha 
and both have three plots of 2.0 ha each. The sil-
vopastoral systems in each area (north or south) 
represent 12 ha. The aforementioned treatments, 
however, correspond only to the fi rst year of the 
study, since improved pastures will be established 
the second year of the study in the same areas. 
Table  8.2  provides a description of the  different 
treatments that have been applied in each area.

8.2.4.2         Conditioning of Tree Covers 
to the Desired Levels 
of Luminosity 

 To evaluate the effi ciency and yield of the sil-
vopastoral systems (for cattle grazing), it was 
fi rst necessary to defi ne the levels of luminos-
ity under the tree stratum and, once defi ned, 
establish uniform sections of luminosity in 
plots through dosed interventions in the treetop 
stratum. Ranchillo Alto’s over-mature “Roble” 
forest has areas of diverse tree coverages, and 
it was a challenge to fi nd adjacent sites having 

    Table 8.1    Chemical properties (soil organic matter, 
organic C and N, pH, effective cation exchange capacity, 
and contents of aluminum, nitrate, phosphorus, potas-
sium, sulfur and boron) of the volcanic soil (Haploxerands) 
(0–20 cm) at two temperate silvopastoral locations (north 

and south plateaus). Measurements were taken in January 
2014 in the Ranchillo Alto state property, Chile (north site 
at 1300 m altitude, Lat 37°03′30.86″ S, and Long 
71°38′50.60″ W; south site at 1200 m altitude, Lat 
37°04′52.10″ S, and Long 71°39′12.39″ W)   

 Site 

 SOM  C  N  C/N  pH  ECEC 
 Exch. 
Al  NO 3 -N  Avail. P  Avail. K  Avail. S  B 

 (%)  (%)  (%) 
 (cmol 
kg −1 ) 

 (cmol 
kg −1 ) 

 (mg 
kg −1 ) 

 (mg 
kg −1 ) 

 (mg 
kg −1 ) 

 (mg 
kg −1 ) 

 (mg 
kg −1 ) 

 North  18.7  10.81  0.47  23.0  6.0  5.38  0.10  7.6  2.7  118.8  12.3  0.1 

 South  24.6  14.22  0.79  18.0  5.4  1.56  0.34  9.6  3.0  87.9  8.7  0.1 
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the three approximate degrees of luminosity at 
ground level. Once the general sites were 
located, the next task was to intervene in 
smaller plots to represent the partly opened and 
partly closed canopies to achieve the desired 
levels of luminosity. In the southern area of the 
property, these goals were accomplished fairly 
easily, with a minimal adjustment of the 
respective tree covers. In the northern area, it 
has been a little more diffi cult to establish a 
partly closed canopy, since the zone adjacent 
to the partly opened area was too closed to sun-
light because of the predominance of  N. 
dombeyi  stands of poor quality and the over 
maturity of the trees. In this case, 1/3 of the 
total basal area had to be cut and extracted. 
Figures  8.2a–d  illustrate the degrees of canopy 
closure in the silvopastoral sites.

8.2.4.3        Establishment of Improved 
Pasture for Cattle Grazing 

 In the silvopastoral areas, initial site preparation 
consisted in removing old stumps and dead wood 
debris, and eliminating weeds that may compete 
with future improved pastures. Barbed wire 
fences were constructed to delineate the pad-
docks in each treatment. The fences are also 
intended to prevent livestock access to water-
courses, which ensure adequate protection of sur-
face water resources. In each treatment, two 80-l 
water troughs were built for the cattle. It is worth 
mentioning that currently, there is cattle present 
in the area (belonging to the neighbors) with a 
stocking density of 1 cow ha −1 , that is fed from 
the existing grass which is mostly  Festuca  sp. In 
this current undeveloped system, the silvopasture 
areas provide basic feeding and shelter to the ani-

  Fig. 8.1    Satellite photograph of the “Ranchillo Alto” 
state property, Chile (north site at 1300 m altitude, Lat 
37°03′30.86″ S, and Long 71°38′50.60″ W; south site at 
1200 m altitude, Lat 37°04′52.10″ S, and Long 
71°39′12.39″ W), with the north and south sectors desig-
nated for silvopastoralism ( orange  and  green lines ), and 

central plateaus for producing hay bales of oat and vetch 
( white dotted lines ). In each polygon, the following letters 
correspond to different levels of canopy openings: opened 
( Op ), partly opened ( Po ), and partly closed canopy ( Pc ) 
(map by Google Earth 2014) (Color fi gure online)       
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mals, and the cattle effectively control the growth 
of herbaceous and shrubby weeds. 

 In May 2016, improved pasture will be sown 
under the different tree canopies, for each of 
the fi ve treatments described in the previous 
section (Table  8.2 ). To achieve this, farm trac-
tors will fi rst perform a chisel plowing fol-
lowed by “debris dragging” (discarded tires 
used as a tire drag) to smooth the soil surface. 
Pasture seeding will consist of a mixture of 
forage grasses and legumes that will be able to 
adapt to the different levels of luminosity in 
the understory. The forage species to be sown 
include Winter Star ( Lolium multifl orum west-
erwoldicum ) (4 kg ha −1 ), Phalaris Holdfast 
( Phalaris acuatica ) (2 kg ha −1 ), Nutrapack 
Super 9 ( Lolium perenne ,  Festuca arundinacea  
and  Dactylys glomerata ) (15 kg ha −1 ) and Med 
700 ( Trifolium incarnatum ,  T. subterraneum  
and  T. vesiculosum ) (6 kg ha −1 ). Application of 
NPK fertilizer will include Supernitro (100 kg 
ha −1 ), Triple Superphosphate (88 kg ha −1 ) and 
Muriatic potash (25 kg ha −1 ).  

8.2.4.4     Establishment of Pasture 
for Bale Production 

 Two additional areas (within the white dotted- line 
polygons) for pasture bales were defi ned in the 

“Ranchillo Alto” property (Fig.  8.1 ). In order to 
establish hay bale production systems, all remain-
ing dead wood and weeds will fi rst be removed 
from the sites. A chisel plowing followed by debris 
dragging will then be performed using a standard 
farm tractor. A total of 10 ha (5 ha per polygon) of 
oat ( Avena sativa ) (90 kg ha −1 ) with vetch ( Vicia 
atropurpurea ) (20 kg ha −1 ) will be sown annually 
in order to produce enough hay for baling, accord-
ing to the stocking rates that are described below. 
Barbed wire fences will be constructed to prevent 
livestock access. The application of NPK fertilizer 
will consist of Supernitro (35 kg ha −1 ), Triple 
Superphosphate (25 kg ha −1 ) and Muriatic potash 
(12 kg ha −1 ). Upon completion of this process and 
after suffi cient plant growth, hay bales will be har-
vested and stored in a nearby barn for feeding the 
cattle during the 3-month winter. Figure  8.3  shows 
one of the sites where oat and vetch will be sown 
for bale production.

8.2.4.5        Establishment of Enrichment 
Tree Plantations 
within the Cattle Grazing 
Systems 

 The commitment to develop sustainable silvopas-
toral systems requires additional tree plantations 
in those parts of the property where the woodland 

    Table 8.2    Description of treatments (location, degree of 
canopy opening, and amount of solar radiation at ground 
level) that were established in the Ranchillo Alto state- owned 

property, Chile (north site at 1300 m altitude, Lat 37°03′30.86″ 
S, and Long 71°38′50.60″ W; south site at 1200 m altitude, 
Lat 37°04′52.10″ S, and Long 71°39′12.39″ W)   

 Treatment  Location  Canopy opening  Code  General description 

 T1  South  Open  S-Op  Gap of several treetop widths between 
treetops 

 Ground with 85–95 % of external light 
(average of area) 

 T2  South  Partly open  S-Po  Gap of one treetop width between treetops 

 Ground with 65–75 % of external light 
(average of area) 

 T3  South  Partly closed  S-Pc  Gap of half treetop width between treetops 

 Ground with 45–55 % of external light 
(average of area) 

 T4  North  Partly open  N-Po  Gap of one treetop width between treetops 

 Ground with 65–75 % of external light 
(average of area) 

 T5  North  Partly closed  N-Pc  Gap of half treetop width between treetops 

 Ground with 45–55 % of external light 
(average of area) 

F. Dube et al.



191

is over-mature or dying out and its tree density is 
too low, or in areas with old trees that are poorly 
distributed across the landscape. Unlike a regular 
plantation for timber production purposes, one 
must also consider its simultaneous use for cattle 
grazing, for which taller planting trees (>1.5 m) 
were placed in the ground and individually pro-
tected so that the cows could not damage them by 
grazing or trampling. However, the tree densities 
used in these enrichment plantations are not the 
same as in traditional forest plantations, since the 
objective here is to re-establish the appropriate 
density of trees that will permit perpetual silvo-
pastoral use of the forest at a level for optimal 
yield, but which is also compatible from the eco-
logical point of view (i.e. without permanently 
altering the forest environment while keeping 
open the option of 1 day returning to a timber use 

only system). With this in mind, trees were 
planted at a density of 50 stems ha −1  (35 “Robles” 
and 15 “Raulíes” per hectare). The protection of 
individual trees consisted of triangle shelters 
made of three wooden stakes and chicken wires. 
During the summer, each tree is watered monthly 
with 10 l of water.  

8.2.4.6     Grazing System 
 Given the size of the plots, the recommended sys-
tem is rotational grazing of improved pasture so 
that all animals are grazed sequentially in pad-
docks, or plots, of the silvopastoral areas. In the 
southern sector, 12 animals will be grazed for a 
period of 7–10 days in each 1.33 ha-plot, while in 
the northern sector, 12 animals will be grazed for 
11–15 days in each 2 ha-plot. Upon completion 
of the grazing period in each plot, the herds are 

  Fig. 8.2    Silvopastoral sites in southern “Roble” 
( Nothofagus obliqua ) forest areas with different levels of 
canopy openings in Ranchillo Alto state property, Chile 
(south site at 1200 m altitude, Lat 37°04′52.10″ S, and 
Long 71°39′12.39″ W): ( a ) open: 85–95 % of solar radia-

tion at ground level, ( b ) partly open: 65–75 % of solar 
radiation at ground level, ( c ) partly open with black Angus 
and Hereford cattle being grazed, and ( d ) partly closed 
canopy: 45–55 % of solar radiation at ground level, before 
sowing improved pasture       
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transferred to the other plots. The average annual 
stocking density is 1 cow ha −1 .  

8.2.4.7     Air and Soil Temperature 
and Soil Moisture 

 The soil moisture and temperature (0–20 cm 
depth), and air temperature above the soil (+5 cm) 
are currently being measured every 2 h throughout 
the year using Decagon Devices EM-5B Data 
Loggers, EC-20 soil moisture sensors and ECT 
temperature sensors, respectively (Decagon 
Devices Inc., Pullman, WA, USA) as done by 
Dube et al. in a previous research in Chilean 
Patagonia (2012 and 2013). Table  8.3  presents the 
values of the readings thus far obtained from the 
established silvopastoral systems in Ranchillo 
Alto. Soil moisture at 0–20 cm depth increases 
with canopy closure in both locations, but is 
always higher in the southern than northern area 
when the same degrees of tree canopy coverage 
are compared between sectors. However, soil tem-
perature decreases as the canopy closure increases, 
being on average more than 2.5 °C higher in the 
northern than the southern sector for the same 

level of canopy closure. This inverse relationship 
between soil temperature and moisture has been 
consistently observed in the treatments (Table  8.3 ). 
As for the superfi cial air temperature (+5 cm), the 
trend is similar to that of the soil temperature, 
except that it is slightly higher (0.2–0.4° C) for a 
given treatment.

8.2.5         Key Results and Final Remarks 

 Given the current silvopastoral reality in south- 
central Chile, the systems established in the 
Ranchillo Alto state property shall deliver the fol-
lowing results:

    1.    Development of standard guidelines on the 
production and quality of forage pastures 
that are established under different degrees 
of canopy closure of the tree component of 
the system.   

   2.    Evaluation of the benefi ts of rotational graz-
ing for the pasture and soil, as well as the 
benefi ts of the annual harvest of oat and 

  Fig. 8.3    Portion of the central plateaus where oat and 
vetch will be sown among “Robles” ( Nothofagus obliqua ) 
for hay bale production for livestock feed during the win-

ter. Photo taken in fall 2014 after leafdrop, Ranchillo Alto 
state property, Chile (1250 m altitude, Lat 37°03′–37°04′ 
S, and Long 71°38′–71°39′ W)       
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vetch for the production of hay bales, and the 
confi nement of livestock in protected enclo-
sures or barns during the winter.   

   3.    Improvement of the quality of life of small 
farmers, optimizing forage production for their 
livestock and getting regular income from the 
sale of wood, meat and dairy products.   

   4.    Provision of a greater stability to the small 
farm or “campesino” families, by training 
them to manage a technically feasible system 
that is sustainable under the given conditions.   

   5.    Dissemination and implementation of the 
main elements of the silvopastoral systems 
established in “Ranchillo Alto” in the prop-
erties of neighboring communities, taking 
into account the different types of forests and 
levels of tree coverage; in addition to provid-
ing advice and strategies on how to adapt the 
results of the study to the particular socio- 
economic conditions that are prevalent in the 
daily lives of “campesinos”.   

   6.    Evaluation of the benefi ts of the introduction 
of herbaceous legumes in pastures, on the 
improvement of soil fertility and growth of 
the tree component in the system.   

   7.    Evaluation of the benefi ts of good management 
practices on soil organic matter in order to 
enhance the biological processes of soil, which 
are important parameters to assess soil quality.   

   8.    Monitoring of forest degradation from the 
loss of biodiversity caused by alteration of 
the natural regeneration process, and lower 
soil quality due to soil compaction and 
increased erosion. This will fi ll a knowledge 
gap concerning the adequate animal stocking 
rates for the various forest ecosystems.   

   9.    Proposal of a series of guidelines on silvicul-
ture in old  Nothofagus  forests under sustain-
able silvopastoral systems in Chile.   

   10.    Provision of new methodologies to the 
Ministry of Agriculture, in particular CONAF 
to assess the global sustainability of silvopas-
toral activities in Chile in order to regulate the 
misuse of natural forest resources through 
non-timber uses (i.e. cattle grazing).     

 All of the knowledge that has been acquired to 
date is gradually being disseminated within the 
Municipality of Yungay, the Biobío Region and 

southern Chile, and is contributing to rural devel-
opment and environmental improvement in the 
natural range of the “Roble-Raulí-Coigüe” forest 
type, which is highly threatened by overexploita-
tion from logging, and cattle grazing.   

8.3     Experiences 
on the Establishment 
of Silvopastoral Systems 
by the National Agroforestry 
Program (NAP) 
of the Forestry Institute 
of Chile (INFOR) 

8.3.1     Introduction 

 As mentioned before,  Pinus radiata  (radiata 
pine), due to its plasticity, is the most planted tree 
in Chile, growing from Valparaiso to Los Lagos 

    Table 8.3    Mean annual soil moisture and temperature 
(0–20 cm depth), and air temperature above the soil (+5 
cm) measured between August 2013 and 2014 in the north 
and south sectors of Ranchillo Alto, Chile (north site at 
1300 m altitude, Lat 37°03′30.86″ S, and Long 
71°38′50.60″ W; south site at 1200 m altitude, Lat 
37°04′52.10″ S, and Long 71°39′12.39″ W)   

 Location and 
level of 
canopy 
opening 

 Soil 
moisture 

 Soil 
temperature 

 Air 
temperature 

 0–20 cm  0–20 cm  +5 cm 

 (% VWC)  (°C)  (°C) 

 Northern 
sector 
(partly open 
canopy) 

 9.9  13.5  13.9 

 Northern 
sector 
(partly 
closed 
canopy) 

 10.7  11.8  12.0 

 Southern 
sector (open 
canopy) 

 10.9  12.9  13.2 

 Southern 
sector 
(partly open 
canopy) 

 11.8  10.6  10.9 

 Southern 
sector 
(partly 
closed 
canopy) 

 12.5  9.1  9.4 

   VWC  volumetric water content  
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region of Chile. It is grown from semi-arid zones 
with 450 mm of precipitation in the central zone, 
to humid zones with  > 2000 mm in the southern 
zone of Chile. It supplies the main logs for pulp 
and paper mills, sawmills, panel board industries 
and fi nished timber products (INFOR  2013 ). 
Government has promoted the species by subsi-
dies on small and medium sized farms particu-
larly where soils are better fi tted to plantations or 
silvopastoral systems. 

 The Chilean Forestry Institute (INFOR) devel-
oped the National Agroforestry Program (NAP), 
to evaluate the potential for agroforestry systems 
in Chile. Research included different potential 
agroforestry systems (Table  8.1 ), including 
 suitable species. Further, demonstrative radiata 
pine agroforestry units were established as exten-
sion tools, aimed at small farmers and livestock 
producers. The results of this extension program 
are discussed below.  

8.3.2     The Chilean National 
Agroforestry Program (NAP), 
to Promote Agroforestry 
Systems in Chile, 2006–2013 
Period 

 Following the research conducted throughout 
Chile, the use of silvopastoral systems, amongst 
others, was promoted by working with 1600 pro-
ducers between 2006 and 2013. An area of 1114 ha 
between Coquimbo in the north to the Magallanes 
Region in the south was planted (Table  8.4 ).

   The farmers involved with NAP preferred 
agroforestry systems to planting trees as it was 
closer to their farming traditions and allowed 
them to continue with crop and animal production 
as well as producing wood. A survey of growers 
found that they were resistant to normal industrial 
plantations as they reduced their cattle farming. 
On average participants planted 0.7 ha of trees. 

 Of the total program established during the 
2006–2013 period, the most accepted systems 
were the silvopastoral and windbreaks systems, 
each of which accounted for 44 % of the total 
planted, with the objective of producing animal 
fodder and wood (Table  8.4 ). This preference for 

silvopastoral systems is primarily due to the most 
viable land for planting trees is located on slopes 
without irrigation, where there are natural prai-
ries with a low productive value for cattle farm-
ing purposes, or for the cultivation of dry land 
cereal crops. Windbreaks are used for crops and 
cattle farming affected by the wind, especially in 
insular zones or close to the sea. Producers rec-
ognize their importance for increased crop and 
livestock yield. 

 These results suggest that agroforestry sys-
tems offer a new way of mixed system farming, 
that is helpful to both small farmers and larger 
forestry owners. These agroforestry systems 
permit:

•    Income in the short term through animals and 
agricultural crops.  

•   Timber revenue in the medium term through 
commercial thinning or direct usage of forest 
products.  

•   Higher production from the prairies or crops 
from the protective effect of the trees, such as 
in silvopastoral systems and windbreaks, due 
to reduced evapotranspiration of the 
understory.  

•   Wood production at the end of the rotation.  
•   Improved farm valuations and rural landscape 

improvement.     

8.3.3     Experimental 
and Demonstrative 
Experience 

 As a way of generating information and also to 
serve as demonstrative units several silvopasto-
ral pilot schemes with radiata pine were estab-
lished in the temperate zone with 700–1300 mm 
rainfall between the Maule and Biobío Regions 
of Chile. 

8.3.3.1     Los Aromos Agroforestry 
Demonstrative Unit, Cauquenes 
Commune, Maule Region 

 This unit was situated on a northeast-facing slope 
in the Municipality of Cauquenes in the Maule 
Region, which belongs to an agro-ecological 
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zone of semi-arid land. Temperatures fl uctuated 
between a mean annual maximum of 29 °C in 
January to minimum of 4.9 °C in July, with a 
mean annual temperature of 14.1 °C. The period 
free of frost was of 259 days, with an average of 
6 frosts with temperatures lower than −5 °C each 
year. The average annual rainfall is 696 mm, with 
an annual water defi cit of 931 mm and a dry 
period of 7 months (Peralta  1976 ). 

 In 2003 four plots were established, T1: 500 
radiata pine trees ha −1  with natural praire the fi rst 
5 years and oversown the last 2 years; T2: 1000 
trees ha −1  of radiata pine, where the prairie was 
oversown the fi rst 2 years and the last 2 years 
with  Trifolium subterraneum  (subclover), 
 Trifolium michelianu  (bigfl ower clover) and 
 Medicago polymorpha  (burclover), and only nat-
ural grasses between 2008 and 2010 (Fig.  8.4  and 
Table  8.6 ). These silvopastoral treatments were 
compared with T3: a normal forestry system with 
1250 trees ha −1  as forestry control, and with T4: 
an area of natural prairie that the local farmer 
used for livestock production, as a control area). 
The silvopastoral layout was in strips, with two 
plantation rows at 2 × 3 m spacing and with a dis-
tance between them of 14 m for a 500 tree ha −1  
density, and of 7 m between strips for a 1000 tree 
ha −1  density. The infl uence of the trees on the 
prairie production was analyzed and compared 
with a natural prairie area without trees.

   For the evaluation of tree growth, total height 
(H), diameter at breast height (DBH) and the 
Basal Area (BA) were measured in three perma-
nent plots of 1000 m 2  was used, randomly distrib-
uted within the treatments. The data were 

statistically analysed by a mixed linear model 
because of the absence of assumptions required 
by a traditional variance analysis: a normal 
 distribution, the independence of the data, and 
variance heterogeneity. A longitudinal analysis 
was carried out, evaluating treatment, time and 
treatment * time. The variance model used to 
analyze the forestry, prairie and animals variables 
was:

  Y T t T x t E= + + + +m ( ) ,    

where μ = constant, T = treatment, t = Time and 
E = error. 

 The analysis used PROC MIXED and 
LSMEANS in SAS version 9.3 (SAS Institute 
 2003 ). 

 For the prairie evaluation a randomly distrib-
uted plot design was used, with locations chang-
ing every year. For each treatment three exclusion 
cages of 0.5 m 2  were used to estimate dry matter 
(DM) production per hectare. Samples were 
taken at the end of the vegetative period, between 
December and January of each year, weighed to 
determine their fresh biomass and then dried at 
60 °C in an oven to get DW. The results were 
statistically analyzed and averages compared 
with the LSD (Least Signifi cant Difference) test 
at a 5 % signifi cance level. 

 The silvopastoral treatment T2, with 1000 
trees ha −1 , was thinned down at age 10 years to 
427 trees ha −1 . It was pruned twice: at 5 years 
and 8 years to of 2.1 m and 3.2 m height, respec-
tively. The forestry plot (T3) was thinned to 520 
trees ha −1  at age 10 and pruned to 2.1 m at 
5 years. 

    Table 8.4    Agroforestry systems established on small farms, 2006–2013, National Agroforestry Program of Chile 
(INFOR  2013 )   

 Agroforestry system 

 Agroforestry surface established per year and system (ha)  Total (ha) 

 2006  2007  2008  2011  2012  2013 

 Silvoagricultural  6.7  26.3  10.0  20.5  –  –  63.5 

 Silvopastoral  162.2  112.5  66.6  78.9  74.9  24.0  495.1 

 Windbreaks  12.5  97.7  35.0  201.3  140.3  21.5  486.8 

 Riparian buffers  –  3.5  10.0  0.5  1.3  –  15.3 

 Bioenergy  –  10.0  5.0  –  16.9  0.3  31.9 

 Beekeeping  –  –  –  16.8  4.3  –  21.1 

 Total  181.4  250.0  126.6  318.0  237.7  45.8  1113.7 
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 The results presented in Table  8.5  indicate that 
tree growth in DBH, H and BA were all superior 
in the silvopastoral system. For DBH and BA this 
was probably due to the wider original spacing in 
the silvopastoral treatment as compared to the 
forestry control, where trees have more competi-
tion. For H, reasons could be little differences in 
site, and also because use on fertilizer for over-
sown pastures.

   Prairie production between 2006 and 2013 
(tree ages 3–10 years) is given in Table  8.6 . In 

2006, 2007, 2009 and 2010 the silvopastoral plot 
with improved pastures (T2) was better than the 
either the silvopastoral plot with natural pasture 
(T1) or the control of natural prairie (T4); T1 and 
T4 had a similar low productivity. In 2008 there 
was no difference between treatments, which 
may be due to the use of natural pastures. In the 
latter years, 2012 and 2013, pasture productivity 
was higher in both the silvopastoral treatments 
compared to the control treatment.

8.3.3.2        Los Alamos Demonstrative 
Unit, Arauco Province, Biobío 
Region 

 This unit was established in the Los Alamos 
Commune, Arauco Province, Biobío Region of 
Chile, on an area of 1.3 ha. The unit was on fl at 
land, with gentle hills of gradients between 3 and 
5 %, characteristic of the marine terraces in the 
Arauco Province. The soil is deep, clay loam on 
the surface to dense clay at depth (Peralta  1976 ). 

 The Los Alamos Commune is located within 
the Concepción agro-climate zone, a coastal area, 
with infl uence from the ocean. The thermal 
regime is characterized by an annual temperature 
of 13.2 °C, with a monthly mean maximum of 
25.1 °C in January and mean minimum of 5 °C in 
July. This climate has a period of 7 months free of 
frost. The hydrous regime has an average annual 
rainfall of 1330 mm (Peralta  1976 ). 

 This silvopastoral trial was established using 
radiata pine, with a random block design with 

  Fig. 8.4    ( a ) Radiata pine-based silvopastoral system in 
2006, at 2 years of age, established in two lines of plant-
ing, in forest strips, with densities of 500 and 1000 trees 
ha −1 ; ( b ) silvopastoral system with 1000 trees ha −1 , pruned 

to 2.1 m in year 2012, at the age of 8 years, with pasture 
established with subterranean clover and Harding grass in 
Los Aromos Agroforestry Unit, Commune of Cauquenes, 
Maule Region, Chile       

   Table 8.5    Forest parameters in silvopastoral system with 
1000 trees ha −1 , and forest system with 1250 trees ha −1  in 
2013, Los Aromos Agroforestry Unit, Maule Region, 
Chile   

 Treatments 
 DBH 
(cm)  H (m) 

 Final 
density 
(trees 
ha −1 ) 

 BA (m 2  
ha −1 ) 

 T2: silvopastoral 
system with 1000 
trees ha −1 , 
thinned to 427 
trees and pruned 
to 3.2 m 

 16.6 a   12.0 a   427  9.38 a  

 T3: forest system 
with 1250 trees 
ha −1 , thinned to 
520 trees and 
pruned to 2.1 m 

 13.7 b   10.8 b   520  7.84 b  

  aDifferent letters indicate signifi cant differences, 
LSMEANS ( p  < 0.05), for analysis over time, by year of 
evaluation and treatment 
  bDBH  diameter at breast height,  H  total height,  BA  basal 
area  
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three replicates, testing fi ve densities to analyze 
their effect has on the production of fodder. Trees 
were planted in two rows spaced 2 m in the row 
and 3 m between rows, and between double rows 
from 6 to 18 m, forming fi ve treatments, T1: with 
1111 trees ha −1 , T2: 833 trees ha −1 , T3: 666 trees 
ha −1 , T4: 555 trees ha −1 , and T5: 454 trees ha −1  
(Fig.  8.5 ). The prairie between the double rows 
was both natural and sown with  Trifolium 
pratense  L. and local grasses.

   The method used, including the statistical 
analysis procedure, was the same as described in 
Sect.  8.3.1.3.1  for the experiment at the 
Cauquenes Commune in the Maule Region. 

 The natural prairie was not grazed for the fi rst 
3 years after planting to prevent browsing of the 
young pine trees. The prairie, established during 
the spring of 2012, comprised of 15 kg ha −1  of red 
clover ( Trifolium pratense  L.) and natural grasses 
of the zone, fertilized with 200 kg ha −1  of triple 
superphosphate. The prairie was not fertilized in 
the second growing season (2013–2014) and this 
resulted in a natural grass prairie, a loss of clover, 
and reduced pasture productivity (Table  8.7 ).

   In the fi rst 2012–2013 season of production, the 
highest prairie production was at the wider spac-
ings of 12–18 m between bands of trees. In the sec-
ond season, no clear tendency was observed, which 
can be attributed to poor prairie management (no 
fertilization) and associated loss of clover. 

 These studies demonstrated it was possible to 
establish silvopastoral systems on small farms 
with  Pinus radiata  in two environmental 
situations in the central zone of Chile. Prairie 

production was improved when enriched with 
herbaceous species and fertilized and similar to 
prairies without trees. According to INIA ( 2001 ) 
natural prairies without fertilization have low 
production and there are no clear advantages with 
trees. With silvopastoral systems, in addition to 
prairie production for farm animals, there is the 
possibility of obtaining timber, which can be 
viewed as a savings account when harvested at 
the end of the rotation.   

8.3.4     Economic Analysis of a  Pinus 
radiata  Silvopastoral System 
with Sheep in the Central 
Mediterranean Coastal Zone 
of Chile 

 The small scale farm producers, located in the 
coastal drylands of the Libertador Bernardo 
O’Higgins Region of Chile (VI Region of Chile), 
use a great part of their land, with gentle to strong 
slopes, for extensive cattle farming, principally 
with sheep, without considering that the land 
may be more suitable for forestry. Thus, natural 
prairies are medium to bad quality, with low meat 
and/or wool productivity, and growing in eroded 
soils due to over- grazing and with little protec-
tion from perennial vegetation (CIREN  2010 ). 
However, this practice allows owners to receive 
an annual income, supplemented by annual crops 
such as wheat, barley and lentils both for home 
consumption and for sale. Another established 
usage for this coastal area is radiata pine timber 

    Table 8.6    Production of prairie, both sown and natural, in kg DM ha −1 , per season in silvopastoral systems and control 
area treatment without tree infl uence, Los Aromos Agroforestry Unit, Maule Region, Chile   

 Treatment 

 Production of prairie, sown and natural (kg DM ha −1 ) per season 

 2006–2007  2007–2008  2008–2009  2009–2010  2010–2011  2012–2013  2013–2014 

 T1: silvopastoral, 
500 trees ha −1  

 1333 a #   1600 a #   756 a #   930 a #   839 a #   4306 b*   1035 c *  

 T2: silvopastoral, 
1000 trees ha −1  

 3920 b *   4760 b*   851 a #   1531 b #   1189 b #   3781 b*   2473 b *  

 T4: natural prairie 
(Control) 

 1813 a #   1810 a #   648 a #   835 a #   835 a #   837 a #   565 a #  

  Different letters indicate signifi cant differences, LSD ( p  <  0.05 ), between treatments in the season 
 *Sown prairie, with Trifolium subterraneum, T. michelianu and Medicago polymorpha, and natural grasses. #: Natural 
prairie, without fertilization  
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plantations. Because of their long rotations with-
out short-term returns plantation growing by 
small-scale farmers have declined, and many of 
these are harvested early with minimal returns. 

 To improve this situation a study was estab-
lished in the mid-1980s to compare the produc-
tivity of silvopastoral systems using radiata pine 
associated to three types of prairie with sheep, 
versus traditional sheep production, and typical 
forest management. 

 This study was in the Tanumé Forestry 
Experimental Center (CEF) owned by the 

National Forest Corporation (CONAF), located 
in the coastal area of Pichilemu Municipality, VI 
Region of Chile, (geographic location 34°15′ 
Latitude South and 74°49′ Longitude West). This 
marine infl uenced zone is characterized by eight 
dry months, with 704 mm precipitation per year 
and mean monthly minimum and maximum tem-
peratures of 8.6 and 25 °C, respectively, and a 
mean annual temperature of 11.6 °C. 

 The study had seven treatments:

•    T1: A silvopastoral system (PS 625), with 
radiata pine planted at 625 trees ha −1  in 
groups of four plants at 2 × 2 m, spaced 6 m 
apart. A new pasture was sown with subter-
ranean clover ( Trifolium subterranean ) and 
hardinggrass ( Phallaris aquatica  cv Sirosa 
and cv  Steptanera), fertilized annually with 
N, P, K, with rates according with annual 
soil evaluation, and grazed with sheep. The 
forestry component was thinned and pruned 
in three occasions to a fi nal density of 200 
trees ha −1  and to a height of 7 m free of 
branches;  

•   T2: Silvopastoral System (PM 625), with 625 
trees ha −1 , with the same design and manage-
ment as T1, with natural prairie (PN) fertilized 

  Fig. 8.5    Radiata pine-based silvopastoral system established in randomized blocks with densities from 454 to 1111 
trees ha −1 , Los Alamos Silvopastoral Unit, Arauco Province, Biobío Region, Chile       

   Table 8.7    Annual prairie production in the fi rst two 
growing seasons in the  Pinus radiata  silvopastoral sys-
tem, Los Alamos Silvopastoral Unit, Biobío Region, 
Chile   

 Treatments and distance 
between tree strips (m) 

 Productivity of prairie (kg 
DM ha −1 ) 

 2012–2013  2013–2014 

 T1: 6 m  3203 a   1641 a  

 T2: 9 m  3409 a   2060 a  

 T3: 12 m  4247 b   1221 b  

 T4: 15 m  4733 b   1866 a  

 T5: 18 m  3876 b   1180 b  

 Average production  3894  1594 

  Different letters indicate signifi cant differences, LSD 
( p  <  0.05 ), between treatments in the season  
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each 3 years with N, P, K, with rates according 
with annual soil evaluation, and grazed with 
sheep;  

•   T3: Silvopastoral System (PN 625), with 625 
trees ha 1 , with the same design and manage-
ment as T1, with natural prairie (PN) without 
fertilizer and grazed with sheep;  

•   T4: Forestry system (Forestry), consisting in a 
forestry plantation established at 1600 trees 
ha −1 , at a 2 × 3 m spacing. There were two thin-
nings and two prunings at ages 7 and 12, to 
reach an expected fi nal density of 500 trees 
ha −1 , and a pruned to a height of 4.1 m in two 
times at ages 7 and 12. There was no grazing;  

•   T5: Traditional sown pastoral system (PS) 
grazed with sheep. This system was estab-
lished in 1985 with a 24 year projected life. 
The area was sown with subterranean clover 
( Trifolium subterraneum ) and phalaris 
( Phallaris. aquatica ), associated with wheat 
crop the fi rst year; fertilized annually with N, 
P, K, with rates according with annual soil 
evaluation, and grazed with sheep.  

•   T6: Sheep pastoral system with improved 
prairie (PM). This system was established in 
1986, with a projected life of 23 years. It cor-
responded to a natural improved prairie for 
sheep usage, fertilized each 3 years with N, P, 
K;  

•   T7: Sheep pastoral system with natural prairie 
(PN). In this system no costs were incurred for 
prairie establishment and management, as it 
was worked as a natural prairie without addi-
tional inputs to improve the pasture growth. 

•  For all treatments with pasture, the manage-
ment of sheep consisted of monthly weighing, 
health checks, and the application of medi-
cines, vitamins and supplements. The sheep 
were introduced in 1986, and the pastures 
grazed from beginning of the growing season 
in October through to February–March, 
depending on the fodder availability.    

 The economic evaluation of the treatments 
included all forestry and livestock incomes, as 
well as the incentives the Government gives on 
the basis of subsidies for forestation. The costs of 
the various treatments were also accounted for. 

The production and value of the radiata pine trees 
at 24 years was estimated using the Radiata© 
Simulator and utilized the products descriptions 
and values given in Table  8.8 . To evaluate the 
various treatments the net present value (NPV) at 
a discount rate of 10 %, and the internal rate of 
return (IRR) were calculated.

   As with many forestry studies the trees estab-
lished at a lower density, had greater diameters 
than those at a high density (Table  8.9 ). The larg-
est diameters were obtained in the silvopastoral 
systems, with mean diameters of 50–52 cm, ver-
sus 41 cm for the forestry system. Basal area, 
which is strongly infl uenced by stand density, 
was greatest with the forestry treatment. Mean 
total height was not infl uenced by stand density, 
indicating that the treatments were installed on a 
uniform site.

   In terms of total volume, the highest growth 
was in the forestry treatment with 480 m 3  ha −1 , 
due to the higher stocking at the end of the rota-
tion (Table  8.9 ). The silvopastoral treatments 
with about 390 m 3  ha −1  were 23 % lower. The 
valuable pruned products (P1 and P2 – see Table 
 8.8 ), made up 37–38 % of the total volume in the 
silvopastoral treatments, versus only 3 % in the 
forestry control. On the other hand, the forestry 
system had a greater volume of intermediate 

    Table 8.8    Description of forest products used in the sim-
ulation, using Radiata Simulator ©, and prices of forest 
products in 2008   

 Type of 
product 

 Quality of 
forest product 

 Length 
of logs 
(m) 

 Minimum 
diameter of 
logs (cm) 

 Price 
(U$ 
m −3 ) 

 P1  Pruned logs  2.80  36  60 

 P2  Pruned logs  2.80  32  55 

 P3  Sawtimber 
logs, w/p 

 3.25  32  50 

 P4  Sawtimber 
logs, w/p 

 3.25  24  45 

 P5  Sawtimber 
logs, w/p 

 3.25  18  35 

 P6  Sawtimber 
logs, w/p 

 3.25  14  30 

 P7  Pulp logs  2.44  10  20 

 P8  Firewood  2.44  6  10 

  Prices at year 2008, value placed on industrial plant 
  w/p  without pruning  
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value P4 and P5 products (74 %), versus 32 % of 
these products in the silvopastoral systems. The 
proportion of the lower valued products, such as 
pulp and fi rewood, was 10 % of the total in the 
forestry system, but only 4 % in the silvopastoral 
ones. 

 Income from animal production remained 
until 10 in silvopastoral systems due to low pro-
ductivity of the pasture from year 11, because of 
tree canopy closure, when we made the decision 
to end animal production evaluation. In contrast, 
treatments T5, T6 and T7 were evaluated during 
the entire period of the study. Animal production 

income in T5 was 259, 483 and 836 % better than 
T1, T2 and T3, respectively, and 341 and 309 % 
regarding T6 and T7, respectively. The second 
treatment in animal income was T1, indicating 
that the sown pasture incremented animal 
production. 

8.3.4.1      Economic Evaluation 
 The results of the economic evaluation after 24 
years found in the T2 and T3 silvopastoral treat-
ments were best followed by the T4 forestry 
treatment, although there was little difference 
between them (Table  8.10 ). In contrast, the least 
profi table were the pastoral treatments (T5, T6 
and T7), especially when sown and fertilized pas-
ture was used (T5 and T6). This is principally due 
to the high fertilizer cost that the subterranean 
clover and phalaris sown prairie required for its 
development in the study zone. The T1 treatment 
was intermediate between these two groups 
because, although it was over-sown with clover 
and phalaris, the income from timber improved 
the economic evaluation.

   The results indicated that the best profi tability 
(IRR ~16 %) was where radiata pine was present 
as either a silvopastoral or forestry system. In con-
trast, all solely pastoral systems had low or nega-
tive economic returns. The results indicate that the 
silvopastoral systems are an interesting alternative 
for the small dryland landowners of Cardenal Caro 
Province, Libertador Bernardo O’Higgins Region 
of Chile, from a long-term profi tability viewpoint. 
Silvopastoral systems were found to have a series 
of social benefi ts, namely:

    Table 8.9    Forest parameters results of  Pinus radiata  at age 24 for silvopastoral and forest treatments, Tanumé 
Experimental Center, Cardenal Caro Province of Chile   

 Treatment  Final density (trees ha −1 )  Forest volume (m 3 )  DBH (cm)  BA (m 2 )  H (m) 

 T1. Silvopastoral 625 (PS)  224  390  52  49  29.8 

 T2. Silvopastoral 625 (PM)  198  387  50  39  31.1 

 T3. Silvopastoral 625 (PN)  180  389  52  42  31.5 

 T4. Forestry treatment  435  480  41  57  30.7 

   DBH  diameter at breast height,  BA  basal area,  H  total height  

   Table 8.10    Economic evaluation of silvopastoral, for-
estry and pastoral treatments, using NPV (10 %) and IRR, 
Tanumé Experimental Center, Cardenal Caro Province, 
Region of Libertador Bernardo O’Higgins, Chile   

 Treatments 

 Results of economic 
evaluation 

 NPV (10 %)  IRR (%) 

 T1. Silvopastoral (PS 625)  74  12.4 

 T2. Silvopastoral (PM 625)  148  16.2 

 T3. Silvopastoral (PN 625)  142  16.2 

 T4. Forestry treatment 
(1600) 

 108  15.5 

 T5. Sheep pastoral system 
(PS) 

 −181  Indet 

 T6. Sheep pastoral system 
(PM) 

 −49  Indet 

 T7. Sheep pastoral system 
(PN) 

 1  10.5 

   Indet  indeterminate value due to high negative value 
  PS  Sown prairie,  PM  Improved prairie,  PN  Natural prai-
rie,  NPV  net present value,  IRR  internal rate of return  
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•    The owners retain yearly incomes from annual 
crops during the fi rst year when establishing 
the system and from their sheep.  

•   Obtain a substantial income at the end of the 
tree rotation from the sale of high quality for-
estry products.  

•   Silvopastoral systems are better adapted to the 
small farmer cultural systems than the Chilean 
government afforestation programs aimed 
solely at timber production.  

•   Silvopastoral systems can achieve greater soil 
protection and reduced erosion, especially in 
hilly area.  

•   Where silvopastoral systems allow small 
farmers to remain on their farms this reduces 
migration to cities and avoids major social 
breaks in their lives.    

 On the basis of these outcomes, we recom-
mend that silvopastoral systems be emphasized 
in the government forestry policies and that 
incentives be available to assist farmers to engage 
in them.    

8.4     Alternatives Species for Use 
in Silvopastoral Systems 
in Temperate Areas of Chile: 
Stone Pine, Walnut, Cherry 
and Poplar 

8.4.1     Introduction 

 The analysis of world trends in forestry indicates 
the importance of diversifying the forest sector, 
considering species composition and geographic 
distribution, because of the wide range of envi-
ronments occurring in Chile. Diversifi cation also 
helps to limit biotic and abiotic risks, withstand 
economic risks and market fl uctuations, and 
maximize sites use. Agroforestry allows diversi-
fi cation of agriculture and forestry, and it can be 
implemented with different species and in differ-
ent settings according to specifi c conditions. A 
20-year study conducted by INFOR considered 

several productive options, some related to arbo-
riculture involving broadleaved species known as 
“noble”, and the results consider adaptations of 
European technologies and some developments 
that are suitable to our situation (Loewe  2003 ). 
Several experimental trials with pure or mixed 
plantations were established in the central- 
southern area of Chile, including the exotic spe-
cies Walnut ( Juglans regia ), Cherry ( Prunus 
avium ), Sweet gum ( Liquidambar styracifl ua ), 
Ash ( Fraxinus excelsior ), Black walnut ( J. nigra ), 
Chestnut ( Castanea sativa ), Yellow-poplar 
( Liriodendron tulipifera ), Black alder ( Alnus glu-
tinosa ), Red American Oak ( Quercus rubra ) and 
European Oak ( Quercus robur ); and the native 
Chilean hazelnut ( Gevuina avellana ), Raulí 
( Nothofagus alpina ) and others. Other studied 
options are poplar ( Populus  sp.) and Stone pine 
( Pinus pinea  L.) because their fruits (pine nuts) 
are highly demanded and expensive and, there-
fore, very attractive for land owners. According 
to the director of FAO’s Forestry Division, 1  
“agroforestry systems play a crucial role in the 
livelihoods of rural people by providing employ-
ment, energy, nutritious foods and a wide range 
of other goods and ecosystem services”. Mixed 
systems allow a rural sustainable development 
and enhance biodiversity whilst preserving land-
scapes (Eichhorn et al.  2006 ). Reisner et al. 
( 2007 ) identifi ed regions within 32 European 
countries for silvoarable agroforestry, involving 
Walnut, Cherry, Poplar, Stone pine and  Quercus 
ilex . To promote their cultivation we identifi ed 
potential zones in Chile, analyzed their economic 
impact and tested and developed production tech-
niques. Some experimental plots were imple-
mented in combination with agriculture and/or 
cattle-raising in mixed systems. Below we pres-
ent the results.  

1   BBC. 2014. Eva Mueller: UN urges action on forest 
diversity.  http://m.bbc.com/news/science-environ-
ment-27963330 . Cited June 23, 2014. 
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8.4.2     Innovative Species for Use 
in Silvopastoral Systems 

8.4.2.1     Stone Pine ( Pinus pinea  L.) 
 This species is native to the Mediterranean basin, 
where it stabilizes soils; it is important for its 
edible seeds, the pine nuts, and is one of the nine 
most important species that produce dried fruit in 
the world (Gordo et al.  2011 ). Cones harvest 
dates back to the Paleolithic (Prada et al.  1997 ; 
Gil  1999 ; Badal  2001 ); in France there is evi-
dence of its use in medieval rural settlements 
(Ruas  2005 ). In Chile, it was introduced more 
than a century ago by European immigrants, who 
used it for dune and soil improvement and live-
stock shading (Loewe et al.  1998 ). The species 
has multiple uses of environmental importance 
(such as fauna feeding, watershed protection, and 
dune and erosion control) as well as economic 
importance (pine nut and resin production) 
(Loewe and Delard  2012 ). It is attractive to 
Chilean producers for its wood and especially for 
the high value of its nuts (Loewe and González 
 2007 ; Soto et al.  2008 ). It is an option for small 
and medium owners because of the annual 
income it provides, and its adaptation to eroded 
areas. 

 Agroforestry systems that include this species 
have been established in Spain intercropping 
agricultural crops as well as in low density set-
tings in vineyards and pastures (Gordo et al. 
 2011 ). It is easily integrated in agroforestry sys-
tems; grafting is interesting because it increases 
pine production, along with its rusticity, beauty 
and highly demanded fruit. According to 
Eichhorn et al. ( 2006 ), the use of conifers may 
expand the potential applications of agroforestry. 
INFOR has investigated the species behavior for 
more than two decades, and is now conducting a 
project 2  aimed at developing technological infor-
mation for its cultivation in Chile, where condi-
tions are suitable for stone pine growth. The 
species is also useful for soil recovery and ero-
sion control. In two experimental plots located in 

2   “Development of techniques for producing Stone pine 
( Pinus pinea  L.) nuts, an attractive commercial option for 
Chile” funded by FONDEF (CONICYT) 

El Carmen, Biobío region (533 m), we tested 
agroforestry systems that were established in 
July 2010, which include agricultural crops and 
sheep production (Fig.  8.6 ).

   The obtained crop yields are lower than the 
average in the country (INE  2014 ). For forage 
oat, average yield is 5070 kg ha −1 , so our yield 
represents 46 %, and the production derived from 
sheep that fed directly on the fi eld should be 
added to the estimates. In the case of potatoes, 
our average yield reaches 31,300 kg ha −1 , equiva-
lent to 23–30 % of the national average produc-
tion. In Europe, the main species associated with 
livestock are chestnuts, poplars, hardwood plan-
tations, Mediterranean oaks, pines and fruit trees 
(Pardini and Nori  2011 ); stone pine is usually 
located in the coastal area. Forage production in 
these plantations is not enough to sustain grazing, 
but livestock from nearby farms occasionally 
graze there; if grazing is periodical, it reduces 
shrub growth, fi re risk and the cost of periodical 
mechanical clearing. Soil fragmentation and 
nutrient enrichment through goat defecation was 
reported during grazing, accelerating litter 
decomposition and nitrogen incorporation, 
reducing pine needles accumulation and fi re risk 
(Mancilla-Leyton et al.  2013 ). Liguori et al. 
( 2011 ) reported a less favorable effect of stone 
pine agroforestry systems on phytoseiid mite 
development (natural enemies of pests).  

8.4.2.2     High Value (Noble) Timber 
Species: Walnut and Cherry 

 The growth of the Chilean forest sector in the last 
decades has been based on the cultivation of two 
species (radiata pine and eucalyptus). 
Monoculture has generated phytosanitary and 
environmental problems, evidencing the impor-
tance of diversifying forestry both in terms of 
species and productive models. Among the most 
studied and successful species are walnut and 
cherry because their timber and fruit production 
can be incorporated into rural agricultural pro-
ductive systems under fruit-forest or 
 agro-fruit- forest models. Other options include 
chestnut, European oak or others with maize, 
beans, wheat and peas (INFOR-FDI  2004 ). 
Silvoarable systems for furniture timber produc-
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tion in the UK include species such as Ash, Black 
walnut, Cherry, European oak and Sycamore 
( Acer pseudoplatanus  L.) with cereal and pulse 
alley cropping (Eichhorn et al.  2006 ). In the 
Netherlands, innovative combinations of trees 
grown for high- grade timber and ground level 
fl ower production have been assessed with sev-
eral species, including cherry intercropped with 
hyacinth for fl owers and bulbs. With good man-
agement it is possible to get high quality timber 
in the medium-long term can be obtained using 

good management strategies, while getting short-
term income from agricultural crops and other 
non-timber forest products, such as fruit, fungi, 
leaves, and honey. Agricultural crop alternatives 
that can be associated with high value trees are 
forage species (with the exception of alfalfa 
( Medicago sativa )), cereals and vegetables, with 
the exception of potatoes and tomatoes, because 
of the allelopathic effects of crops on trees. 

 Walnut has been associated with maize (with 
yields of up to 14,000 kg ha −1 ), beans, carrots, 

  Fig. 8.6    Stone pine-based 
agroforestry system. ( a ) Potato 
harvest at age 2 years; ( b ) 
general view at age 3.5 years 
(Source: Verónica Loewe 2012)       
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 lettuce, and other crops, with the culture with 
best results being winter wheat, cultivated when 
walnuts are in vegetative recess. No agricultural 
cultures have presented negative effects on wal-
nut, except for alfalfa, which reduces walnut 
growth for the following 3–5 years. Furthermore, 
maize induces increased height. Walnut growth is 
superior if associated with nitrogen-fi xing spe-
cies, herbs or shrubs. 

 Good management practices are necessary to 
obtain good timber and high crops yield. A high 
tree density reduces the period in which crops 
can be grown. Initial plantation density in these 
systems varies from 278 to 1100 trees ha −1 , with 
a fi nal density of 100–250 trees ha −1  according to 
the species. Values for growth parameters of 
seven experimental trials 11–19 years after the 
establishment were presented by Loewe et al. 
( 2013a ), with ranges in average annual DBH 
growth of 0.5–1.8 cm and average annual height 
growth of 0.38–1.07 m. depending on the species 
and sites. 

   Walnut 
 This is a well-known species of agricultural and 
forest interest since it produces nuts and wood 
that is appreciated for style furniture production 
and handicrafts. It is one of the most appreciated 
timbers in Europe, with a stable market for centu-
ries. It is a vigorous tree, 20–25 m in height and 
up to 1 m of DBH, with a straight trunk and a 
wide crown (Loewe and González  2001 ). It is 
also a fast growing species, contrarily to what is 
commonly thought (Loewe and González  2003 ), 
that can be incorporated into agricultural systems 
as a complement to the economic unit activity, 
especially by farmers. The species produces val-
ued fruits and timber that is highly quoted world- 
wide (US$ 250–2500 m −3 ). Additionally, nut and 
timber production are also compatible. 
Throughout the Mediterranean region, small wal-
nut orchards are intercropped with vegetables 
and cereals (Eichhorn et al.  2006 ), with walnut 
being a preferred species in mountains. It is a 
component of silvoarable systems in Italy, with 
dual-purpose fruit and timber. In the south it is 
intercropped with vegetables and often with 
hazel ( Corylus avellana  L.) grown for wood and 

nuts, where hazel plays the role of trainer to 
improve the shape of walnut trunks. The com-
bined production of timber and nut simultane-
ously can be obtained through the high grafting 
technique (Loewe and González  2002 ), which 
was successfully applied in some experiments in 
Europe and in Chile. Walnut is relatively demand-
ing from the ecological standpoint (Minotta 
 1989 ; Pellegrino and Bassi  1993 ). Compacted 
soils favor rotting by  Armillaria mellea  and 
 Phytophtora  sp. The potential cultivable area 
with irrigation in Chile reaches 3,109,672 ha. 

 Regarding timber prices and markets, walnut 
timber is very much appreciated and has been 
attractive for centuries for luxury applications, 
which is refl ected in its high prices. It is hard, 
moderately durable, and responds well to preser-
vation treatments; it is easy to work with and its 
aesthetics makes it the best timber to make qual-
ity furniture, veneers, panels, butts and arms 
parts, musical instruments and fi ne crafts and 
cabinetwork (Loewe and González  2003 ). First 
quality timber for veneers must have regular 
growth rings, attractive dimensions (3 m long and 
40 cm diameter or more), no defects and a 
homogenous and demanded color (clear in gen-
eral). Prices for elaborated timber range between 
US$ 830–2800 m −3 , according to quality; stand-
ing trees vary between US$ 330–2200 m −3 , 
according to dimensions and quality. Its high 
prices generate demand for timber substitutes. 

   Walnut Growth and Costs in Temperate 
Agroecosystem 
 In Chile, walnut is cultivated traditionally in pure 
plantations for nuts, and innovative agroecosys-
tem have been implemented: pure walnut planta-
tions for timber and nuts; pure walnut plantations 
for timber and nuts intercropped with crops 
(maize, beans and vegetables); mixed walnut 
plantations for timber and nuts associated with 
nurse species, trees or shrubs; mixed walnut 
plantations for timber and nuts associated with 
secondary species, trees or shrubs, and forage 
production. Growth obtained in these experi-
ments is good if the required techniques are 
applied; otherwise, growth and profi tability 
diminish drastically (Loewe and González  2006 ). 
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Growth obtained in experimental units is pre-
sented in Table  8.11 .

   Walnut development depends strongly on envi-
ronmental conditions and management type and 
intensity. Units located in appropriate sites and with 
suitable management present interesting results. 
Nut production begins at the age of 5 in a quantity 
enough to afford the costs associated with the mixed 
management techniques. Average height reached 
11.4 m at age 11 in plantation type 1; 10 m at age 
10 in type 2; 4.7 m at age 7 in type 3; 3.1 m at age 
7 in type 4, and 9.7 m at age 9 in type 5. Average 
DBH reached 16.3 cm at age 11 in plantation type 
1; 12.7 cm at age 10 in type 2; 6.7 cm at age 7 in 
type 3; 3.5 cm at age 7 in type 4, and 11.8 cm at age 
9 in type 5, indicating that average growth rates are 
higher than those observed in Europe. 

 Mixed plantation from year 3 onwards over-
came the height of pure stands, which is in agree-
ment with fi ndings reported by Mohni et al. 
( 2009 ). The pure plantation of lower density (3 × 6 
m) grew faster than the denser plantation (3 × 3 m) 
due to lower competition in the former. Mixed 
plantation results are attractive, superior to the 
pure plantation at the same age, in agreement with 

results of Loewe and González ( 2006a ). In 
 general, the combination of walnut with nitrogen 
fi xing species as secondary species, such as  E. 
angustifolia , presents higher growth than the 
monoculture. Tall intercropped crops, like maize, 
have the same effect if introduced from year 2 on, 
since they induce fewer and thinner lateral 
branches and long, less expanded crowns, of high 
photosynthetic effi ciency, adequate for high qual-
ity timber production. Management in high value 
timber plantations is important for obtaining the 
desired products, including timely and suitable 
formation pruning in winter and summer, epicor-
mic shoot elimination during the growth period, 
weed control, irrigation in spring and summer, 
and necks or trunk fl ares checking, an important 
activity since for every cm that the stem is covered 
the rotation increases 1 year and the plant losses 
vigor or even dies. Management cost of mixed 
plantations is lower than in pure plantations for 
several reasons: fewer plants to manage (only 
walnuts), simpler formative pruning, and elimina-
tion of annual fertilization. From year 3 on, when 
the length of the targeted log is already reached, 
management costs decrease (Fig.  8.7 ).

   Table 8.11    Agroforestry systems established with walnut in the central southern area of Chile and walnut growth 
performance   

 Agroforestry systems  Age (y)  Spacing (m)  Height (m)  DBH (cm) 
 Management 
intensity  Environment 

 1. Pure walnut for 
timber, nuts and 
agriculture 
intercropped 

 11  3 × 6  11.35  16.34  High  Central valley, 
agricultural soil, 
irrigation, VII 
region 

 2. Pure walnut for 
timber, nuts and 
agriculture 
intercropped 

 10  3 × 3  10.02  12.72  High  Central valley, 
agricultural soil, 
irrigation, VII 
region 

 3. Pure walnut for 
timber, nuts and 
agriculture 
intercropped 

 8  3 × 3  4.71  6.72  Medium  Central valley, 
agricultural soil, 
irrigation, IX region 

 4. Pure walnut for 
timber and nuts 

 8  3 × 3  3.15  3.58  Low  Piedmont, Andes, 
irrigation, 
VI region 

 5. Walnut for timber 
and nuts associated 
to  Elaeagnus 
angustifolia  and 
intercropping 

 9  3 × 3  9.79  11.86  High  Central valley, 
agricultural soil, 
irrigation, VII 
region 

   DBH  Diameter at breast height  
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       Cherry 
 Cherry produces quality timber (Fig.  8.8 ), being 
the most important species of all  Prunus . It is a 
noble species of importance in Austria, Belgium, 
France, Germany, Italy, Portugal, Spain and other 
countries worldwide. Currently, Germany, 
France, England and Italy are developing R&D 
programs to improve their wood production 
(Loewe et al.  2001 ). Cherry has a strong apical 
dominance; it reaches 25–30 m in height, has a 
straight and cylindrical trunk, with diameter of 
up to 70–80 cm, and a crown with few, thin, 
ascending and regularly arranged branches. In 
Chile, it is cultivated from the Metropolitan to 
Araucanía regions, mostly in the central regions 
(Metropolitan to Maule). Potential cultivable 
area reaches 4,458,719 ha and 3,456,928 ha with 
and without irrigation, respectively.

   Regarding timber prices and markets, the 
demand for cherry timber depends partially on 
the consumption trends or fashion and on market 
fl uctuations. Nevertheless, since the First World 

War, the demand for this timber has exceeded the 
low offer, so there is low probability of an over-
supply of high quality logs in the short or medium 
term (Loewe and González  2004 ). Hardwood 
timber market considers numerous factors in 
determining log quality and price; if a good size 
log presents knots, color alterations, wood con-
traction, spiral grains or cracks, it is disqualifi ed 
and its price falls. In North American markets, 
prices differ in relation to defects, piece length 
and color. In Germany, dark timber is generally 
more valued than in other European countries; in 
the UK, most of the sawn cherry timber is 
 destined to the furniture industry. In Italy, in 
some periods, the price of cherry timber almost 
reached walnut values due to a fashion trend, 
stimulated principally by architects and interior 
designers. Standing forests are sold in US$ 140–
1000 m −3 ; veneer logs US$ 850–1000 m −3 ; and 
saw timber between US$ 300–1350 m −3 . High 
cherry timber prices also generate demand for 
substitute similar timbers. 

  Fig. 8.7    High value timber and nut walnut plantation at 6 years ( a ) and 15 year of age ( b ), located in Maule Region, 
Chile (Source: Verónica Loewe 2007 and 2012, respectively)       
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   Cherry Growth and Costs in Temperate 
Agroecosystem 
 In Chile, cherry is cultivated traditionally in pure 
plantations to produce cherries, and some 
attempts have included the species in agroecosys-
tem, such as pure plantations for timber and fruit, 
pure cherry plantations for timber and fruit asso-
ciated with forage production areas, mixed cherry 
plantations for timber and fruit, associated with 
nurse species; and mixed cherry plantations for 
timber and fruit, associated with secondary spe-
cies (trees or shrubs). 

 The species has been tested since 1994 with 
poor to excellent results, depending on the man-
agement quality (weed control, irrigation, cattle 
management and pruning) and plant quality/type. 
Growth was usually slow during the fi rst year, 
while root system establishment was developing. 
Loewe et al. ( 2013b ) indicated annual height 
growth from 0.50 to 0.92 m in six mixed planta-
tions, whereas the growth rate was 0.37–0.83 m 

year −1  in monoculture in the same sites. Therefore, 
the observed height growth in Chile was greater 
than in 8 year-old agroforestry plantations in 
Languedoc, France, where annual height growth 
ranged between 0.31 and 0.69 m year −1  (Balandier 
and Dupraz  1999 ). These fi ndings agree with 
those of Tani et al. ( 2006 ) and Loewe ( 2003 ), 
who reported best performances in cherry trees 
grown along with accessory trees, especially 
N-fi xing species. Positive effects refl ect many co- 
occurring favorable causes, such as higher nitro-
gen availability. Mohni et al. ( 2009 ) indicated 
that a dense plantation with companion species 
has often demonstrated greater height and diam-
eter growth than pure stands. In soils with reduced 
fertility, the role of companion species is even 
more important than in fertile soils (Chiffl ot et al. 
 2005 ). Even if growth is high, there are some 
pests and diseases that affect the species, such as 
bacterial canker disease ( Pseudomonas siringae 
pv. Mors - prunorum  Van Hall.) and cherry slug-

  Fig. 8.8    High value timber Cherry plantation ( a ) and associated to hazel ( b ), both 6 years old, located in Yacal and 
Alupenhue, respectively, Maule Region (Source: Verónica Loewe 2007)       
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worm ( Caliroa cerasi  L.), which causes losses in 
fruit yield and even tree death. Canker is one of 
the major limitations in timber production due to 
its diffi cult control; for this reason, the Forestry 
Commission imposes a 15 % limit on cherry trees 
in farm woodlands (Roberts  2001 ).    

8.4.2.3     Experiments with Poplar 
( Populus  sp.) for Silvopastoral 
Purposes 

 The El Alamo Forest Company located in Retiro, 
Maule Region, Chile, has established poplar 
plantations for industrial purposes, mainly for 
manufacturing matches, popsicles and boxes. 
The rotation considered corn and vegetables pro-
duction between poplar rows in the fi rst 3 years 
and then cattle grazing, because the system 
retains the pastures and, consequently livestock 
production. When canopy closes the forage pro-
duction decreases (Fig.  8.9 ).

     Study of the Effect of Forest Cover 
with Poplar on Forage Species in Wetlands 
of Chile 
 The Agricultural Research Institute (INIA) has 
investigated the feasibility of silvopastoral sys-
tems with poplar and different forage species in 
Los Lagos region. The climate in the area is 
humid, with rainfall of 2000 mm year 1  and aver-
age temperatures between 4 and 20 °C. 

 The following forage species were sown: 
 Medicago sativa  L. (alfalfa),  Avena strigosa  
Schreb (oats),  Lolium perenne  L. (perennial rye-
grass),  Hordeum hexastichon  L. (barley), 
 Triticum aestivum  (triticale) and natural pasture 
as control for animal production, in poplar plan-
tations of 2, 4 and 6 years. Poplar planting was 
established at a density of 278 trees ha −1 , with 
spacing of 6 × 6 m. Soil was prepared in a tradi-
tional way by type of crop with offset harrow, 
seedbed, road roller, and drill; crops were fertil-

  Fig. 8.9    ( a ) 1-year old poplar plantation with land preparation for agricultural crops; ( b ) 12-year old poplar, with natu-
ral pasture for grazing (Source: Alvaro Sotomayor 2011)       

    Table 8.12    Dry matter production of forage crops (Mg DM ha −1 ) according to canopy cover in silvopastoral poplar 
plantation, San Jose de la Mariquina, Los Ríos Region, Chile (INIA  2001 )   

 Forage species 
 Mean dry matter production of forage crops (Mg DM ha −1 ) per canopy cover (m 2  tree −1 ) in 
silvopastoral poplar plantation 

 Crown cover (m 2  
tree −1 ) 

 3.2  4.0  4.4  5.2  5.4  6.2  6.4  7.2 

 Perennial 
ryegrass 

 7.5  7.7  6.9  5.1  1.8  1.6 

 Oat  5.5  6.5  5.9 

 Barley  6.3  6.8  8.9  4.1  4.8  2.3 

 Triticale  8.7  4.1 

 Natural prairie  2.5  1.9  1.8  1.8  1.8  1.1  1.1  1.0 

 

F. Dube et al.



209

ized as necessary; natural pasture was not fertil-
ized. Sowing date was in August for alfalfa and 
oats; March for ryegrass; September for barley, 
and May for triticale. For statistical analysis, for-
age crops were evaluated with exclusion cages 
0.5 m 2  with three replications per crop. Tree 
growth was evaluated in three 200-m 2  plots eval-
uating height (H), canopy cover (CC) and diam-
eter at breast height (DBH) growth. 

 Poplar growth under the effect of forage crops 
showed a higher average increase 2.48, 2.64, 
2.51, and 2.56 cm year −1  in sectors that were 
established with alfalfa, biannual ryegrass, hybrid 
ryegrass and barley, respectively, compared to a 
condition without crop (2.45 cm year −1 ). 
Fertilization performed on crops improved 
growth of trees in diameter, but no differences in 
overall height were observed. 

 The canopy cover of poplars affected produc-
tion of forage crops established under the silvo-
pastoral arrangement (Table  8.12 ). In ryegrass, 
an average production of 8.1 Mg DM ha −1  was 
obtained with 4 m 2  of canopy cover, and 6.2 Mg 
DM ha −1  with 5.4 m 2 ; triticale reached 8.7 and 
4.1 Mg DM ha −1  with 5.4 and 6.2 m 2  of crown 
cover, respectively. In oats, a production of 
6.5 Mg DM ha −1  was obtained with 4 m 2  of cover, 
and the maximum production of forage crops 
tested was achieved in barley, with 8.9 Mg DM 
ha −1 , with 4.4 m 2  of canopy cover. According to 
the results shown in Table  8.12 , fodder crops had 
adequate performance under the infl uence of 
established poplar silvopastoral densities, only 
until poplar trees reached cover of about 6.5 m 2 , 
which is achieved at the age of 7–8 years. The 
evaluation shows that the condition for proper 
growth of the analyzed crops was achieved at 7–8 
years, reaching an average production equivalent 
to 36 % of the traditional culture without trees, 
which justifi es its sowing under tree canopy con-
sidering costs and performance.

8.5           Conclusions 

 Agroforestry and silvopastoral systems are 
attractive alternatives for many companies and 
landowners with moderate to high management 

capacity. When establishing high value timber 
species, plantation goals must be clearly set (spe-
cies and markets) for correctly defi ning the tech-
niques to be applied. Walnut and cherry are 
productive, economic and socially interesting 
species in agroforestry due to its rapid growth, 
noble timber production and present international 
market and prices. Both species have been natu-
ralized in Chile for centuries. They are well 
known and belong to the rural culture; they are 
vigorous and can be integrated to agroforestry by 
incorporating timber production as a comple-
mentary goal to the fruit production or agricul-
tural crops, or to produce timber as main goal. 
Walnut does not present important diseases, 
whereas cherry is susceptible to bacterial canker, 
recommended in mixed plantations to reduce 
risks. Stone pine turns out to be a highly interest-
ing species for combined productive systems due 
to its high value fruit, plasticity and rusticity, and 
because it has been present in Chile for more than 
a century, exhibiting high vigor and an excellent 
phytosanitary performance. It is possible to 
design agroforestry systems adapted to different 
situations, considering available capital, owner’s 
goals, capacity of operative management, and 
local, national and international economy.     
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    Abstract  

  This chapter presents the experiences with silvopastoral systems and 
windbreaks in the Aysén region, located in the extreme south of Chile. 
These systems include the native tree species of the genus  Nothofagus  and 
other cold-tolerant tree species such as  Pinus contorta, Pinus ponderosa 
and Pseudotsuga menziesii  that were introduced in the 1960 from regions 
of the United States and Canada, where the weather conditions are similar 
to those of the Patagonian Region of Chile. The experience so far shows 
that the establishment of trees in silvopastoral systems and windbreaks has 
helped improve prairies productivity and therefore animal production, and 
provided wood for industrial purposes and farm needs. The factor that 
most infl uenced increase in prairie productivity in silvopastoral systems 
was tree crown coverage, which reduced the wind speed by 200 %. The 
use of windbreaks in this region demonstrated the importance of these 
systems in farm properties, especially in open areas without any protec-
tion, where productivity of different fodder species increased by 47 % in 
the most protected zone of 0–5 H (where H is the height of the windbreak 
tree) to 14 % in the least protected zone (15 H). In addition, because of 
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wind reduction by windbreak and trees established in silvopastoral sys-
tems arrangement, and management of native forests for this purpose, 
would reduce soil erosion which is a major problem in the Patagonian 
region of Chile.  

  Keywords  

  Windbreaks   •    Pinus contorta    •    Dactilys glomerata    •    Nothofagus antarctica    
•    Nothofagus pumilio   

9.1         Introduction 

 The principal uses of the 4.9 million ha of agri-
cultural lands of the Chilean Patagonia, which 
includes the Aysén and Magallanes Regions of 
Chile, are as natural prairies for extensive cattle 
farming (Teuber and Ganderatz  2009 ). Almost 90 
% of the agricultural area in the Aysén Region is 
used for cattle farming, of which 57 % belongs to 
big owners (INE  1997 ); a similar situation occurs 
in the Magallanes region. The other principal lan-
duse is forestry and the Aysén Region, with 4.8 
million ha, is the largest area of native forest in 
Chile. The Magallanes Region has 2.7 million ha 
of native forest. In contrast there are only 43,000 
and 250 ha of plantations in the Aysén and 
Magallanes regions, respectively (INFOR  2013 ). 

 The low rates of afforestation are due to low 
acceptance by cattle farmers for traditional for-
estry activities. They perceive it as competition to 
their farming practices and general culture 
(Arnold  1983 ; Longhurst  1983 ; Sotomayor 
 1989 ). Furthermore, there is very little industrial 
forestry activity in these regions. Thus it has been 
a slow process to introduce farm forestry con-
cepts. The extensive low-productivity cattle 
farming in the region is primarily due to climate 
limitations, such as low winter temperatures and 
the strong spring and summer winds. Windbreaks 
and other silvopastoral systems could help solve 
both the soil erosion and low animal productivity 
on farms (Sotomayor et al. 2009a ). Another prob-
lem in the area are farmers putting their animals 
into the native Nothofagus forests. Animal brows-
ing leads to their degradation by impeding natu-
ral regeneration (Larraín et al.  2007 ). This chapter 
covers silvopastoral systems using cold- tolerant 
conifers and also their use in native forests. 
Twelve years of research has shown that silvo-
pastoral systems with introduced conifers are 

feasible and benefi cial. Silvopastoral systems in 
native forests can also be used provided forest 
sustainability requirements are emphasized.  

9.2     Experiences 
with Silvopastoral Systems 
with Conifers in the Aysén 
Region of Chile 

9.2.1     Silvopastoral System 
with  Pinus contorta  and Cattle 

 The silvopastoral systems with conifers adapted 
to cold areas have great potential for application 
in the Aysén Region, Chile but a lack of informa-
tion had prevented this. Thus in 2002 the Forest 
Research Institute of Chile (INFOR) and 
Agricultural Research Insitute (INIA) began a 
series of research projects to fi ll this gap. 

 In 2003, a research project was started in a 12 
year-old  Pinus contorta  Doug. Ex. Loud. (lodge-
pole pine) plantation. Two silvopastoral systems 
were compared to cattle farming without trees 
and to a normal plantation forest. In one system 
alternate bands of trees was used and in the sec-
ond the trees were evenly distributed over the 
area. The results demonstrated that the silvopasto-
ral systems had enormous potential application. 

 In 2003 a study, designed to evaluate the feasi-
bility of silvopastoral systems implementation in 
the Aysén Region were installed in the San 
Gabriel Agroforestry Unit, situated 30 km north 
of Coyhaique. The two silvopastoral and the for-
estry system were installed in a 12-year-old  Pinus 
contorta  plantation, at an altitude of 650 m above 
the sea level, Lat S 45°25′55″ and Long W 
72°00′41″. At the beginning of the trial the stand 
height was 4.9 m and density 1,514 trees ha −1 . 
The cattle farming system was installed in a 
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  Fig. 9.1    ( a ) SST, traditional silvopastoral 
system; ( b ) SSF, strip silvopastoral system; 
( c ) SG, cattle system, in the San Gabriel 
Agroforestry Unit, Aysén Region, Chile 
(Source: Sotomayor and Teuber ( 2011 )       

 prairie area without trees, adjacent to the silvo-
pastoral and forestry systems (Fig.  9.1 ). For more 
information, the full study details are given by 
Sotomayor et al. ( 2010 ), Sotomayor and Teuber 
( 2011 ) and Sotomayor et al. ( 2011b ).

   The four treatments in the 15.5 ha experimen-
tal area were:

•    (T1) Managed forestry treatment (TF). In 
2003 the stand was thinning from 1514 to 800 
trees ha −1  and pruned to a height of 1.97 m;  

•   (T2) Traditional silvopastoral system (SST). 
The pine stand was thinned to 400 trees ha −1 , 
with the trees distributed homogeneously in 
the site and pruned to a height of 2.01 m; 
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 residues from thinning and pruning were 
ordered in bands every 21 m;  

•   (T3) Strip silvopastoral system (SSF). The 
pine stand was thinned to 400 trees ha −1  (Fig. 
 9.1 ). There were three rows of tree along the 
contour, with a 21 m space between them. The 
trees were pruned to a height of 2.09 m, and 
the residues from thinning and pruning were 
placed under the trees in lines;  

•   (T4) Cattle farming system (SG), with natural 
prairie and without trees.    

 For treatments T2, T3, and T4, 5 ha plots were 
used for the evaluation of the natural prairie and 
animal production. The managed forestry treat-
ment had an area of 0.5 ha. 

 The natural prairie, that started to growth in 
silvopastoral systems after thinned from seed-
bed, and improved with fertilization, was com-
posed with white clover ( Trifolium repens  L.) 
and orchard grass ( Dactylis glomerata  L.), and 
fertilizer was applied annually based on soil 
analysis made at the beginning of each season. In 
the spring of 2004, 16 kg of nitrogen ha −1  (N), 
30 kg of magnesium ha −1  (MgO), 24 kg of sulfur 
ha −1  (SO 4 ) and 55 kg of sulfur ha −1  (S) were 
applied. 

 For tree productivity evaluation three perma-
nent plots of 1,000 m 2  were randomly located in 
the T2 and T3 treatments while in the denser T1 
treatment plots of 200 m 2  were used. Total height 
(H), diameter at breast level (DBH), crown cover 
(CC), and basal area (BA) were measured annu-
ally from 2004 to 2008. For statistical analysis, to 
attend the absence of some of the classic assump-
tions that require a traditional variance analysis, 
that are that the data must present a normal distri-
bution, data independency, and heterogeneity of 
variance, we worked with Mixed Linear Statistics 
Models. As measurements were repeated in time 
a longitudinal analysis was used to, evaluate 
treatment, time and time*treatment effect. The 
variance model used was: Y = μ + T + t + (T*t) + 
P + E, where μ = constant, T = treatment, t = 
time, P = plot and E = error. For the statistical 
evaluation of the tree productivity variables the 
PROC MIXED version 9.3 of SAS (SAS Institute 
 2003 ) and the LSMEANS adjustment were used 
for the comparison between treatments. 

9.2.1.1     Prairie and cattle productivity 
evaluation 

 In T2, T3 and T4 treatments seven exclusion 
cages of 0.5 m 2  were distributed randomly to 
measure prairie dry matter (DM) per hectare (kg 
DM ha −1 ) between 2004 and 2008. The cages 
were clipped monthly over the growing season 
(December–May) and the green pasture dried at 
60 °C in a drying oven to a constant weight. The 
results on prairie and animal production were sta-
tistically analyzed through by analysis of vari-
ance and LSD Fisher (Least Signifi cant 
Difference) at 5 % used to compare specifi c 
treatments. 

 The cattle used in treatments T2, T3, and T4, 
were locally adapted bovines creoles (hybrid 
crossbreeds, principally based on hereford, 
angus, red piebald and holstein). To measure 
their growth from 2004 to 2008 an animal feedlot 
system was used. Cattle for fattening (300–
350 kg initial weight) were grazed over the grow-
ing season from December to April–May. Each 
animal was identifi ed with an ear tag and weighed 
monthly.  

9.2.1.2    Cilmate Evaluation 
 In 2007, three climate stations were installed, one 
each in treatments T2, T3 and T4. The stations 
were situated at the same altitude, and for silvo-
pastoral treatment were midway between trees 
(T2, the middle distance was 2.5 m and for T3 it 
was 10.5 m between tree strips). Computers pow-
ered by solar panels recorded measurements 
every half an hour. We measured air temperature 
(t°C), mean wind speed (vv), mean maximum 
speed, relative humidity (HR) and precipitation 
(pp) from January 2007 to June 2008. 

 The following linear regression was used to 
explore the effects of wind speed on pine, praire 
and animal growth parameters (Sotomayor and 
Teuber  2011 ): Vv = μ + p*F + E, where Vv = 
wind speed, u = constant, p = factor, F = forestry 
parameter and E = error. 

 To analyze the effect of the trees on prairie and 
animal productivity the regression model used 
was: Pp(a) = μ + F + t + (F*t) + C + t + (C*t) + P 
+ E, where Pp = prairie (kg DM ha −1 ), Pa = ani-
mal production (kg live weight ha −1 ), μ = con-
stant, F = forestry parameter, t = time, C = climate 
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 Treatment 

 Prairie production per season and treatment 
(kg MS ha −1 ) 

 2004–2005  2005–2006  2006–2007  2007–2008 

 T2: SST  1486 a   6110 a   4153 b   4331 b  

 T3: SSF  2685 a   7182 a   6395 a   5360 a  

 T4: SG  2452 a   3832 b   3874 b   3514 b  

 Average production 
per season 

 2208  5709  4807  4401 

   SST  traditional silvopastoral system treatment,  SSF  strip silvopastoral system 
treatment,  SG  cattle treatment 
 *Different letters indicate signifi cant differences, LSD Fisher (p ≤ 0.05), 
between treatments in the season  

   Table 9.2    Prairie production, 
growth season 2004–2005 to 
2007–2008 (kg DM ha −1 ), per 
treatment in San Gabriel 
Agroforestry Unit, Aysén 
Region, Chile   

parameter, P = plot, E = error. Similarly, in silvo-
pastoral systems crown cover (CC) and wind 
speed (vv) were included in the analysis of prai-
rie and animal growth. 

 To confi rm that the experimental plots were 
installed in similar sites, we assessed whether 
there were differences in mean heights (H) 
between the plots in 2003. Furthermore, after 
thinning in 2004, the height of the 100 dominant 
trees (H100) was evaluated. To see if there were 
differences in soil fertility between treatments 
T2, T3 and T4, we analysed 0–15 cm soil samples 
for nitrogen (N), phosphorus (P), potassium (K), 
organic matter (OM) and acidity (pH) (Sotomayor 
et al.  2009b ). Analysis of variance, performed 
using the INFOSTAT(c) tool, found no signifi cant 
differences; this indicated the sites were similar.  

9.2.1.3    Results and discussion 
 DBH varied signifi cantly between the treatments 
as a function of time from 2006 on with larger 
and similar diameters in the lower stocked silvo-
pastoral treatments; these differences increased 

with time (Table  9.1 ). However, in 2008 the nor-
mal forestry and strip silvopastoral systems were 
not signifi cantly different. With BA there was a 
signifi cant treatment*time interaction due to the 
increasing growth difference between the higher 
stocked forestry treatment and the silvopastoral 
treatments (Table  9.1 ). The silvopoastoral treat-
ments had similar basal areas, as their stocking 
was the same.

   There were no signifi cant differences in height 
between treatments or with time despite the 
greater tree selection at thinning with the silvo-
pastoral treatments (Table  9.1 ). For crown cover 
treatment, time and treatment*time effect were 
all statistically signifi cant. The main cause of this 
was the greater stocking of the forestry treatment 
with the CC between treatments increasing with 
time (Table  9.1 ). 

 Related to prairie productivity, there was no 
signifi cant effect of the treatment*time interac-
tion in the fi rst production season (Table  9.2 ). 
From the second sampling season, the two silvo-
pastoral treatments, especially the strip system, 

      Table 9.1    Results of total height (H), diameter at breast 
height (DBH), canopy cover (CC) and basal area (BA) in 
silvopastoral and forest treatments with  Pinus contorta , 

from 2004 to 2008, in San Gabriel Agroforestry Unit, 
Aysén Region, Chile   

 Year 

 Mean DBH (cm)  Mean BA (m 2  ha¯ 1 )  Mean H (m)  Mean CC (%) 

 TF  SST  SSF  TF  SST  SSF  TF  SST  SSF  TF  SST  SSF 

 2004  12.7 a   12.9 a   13.0 a   10.6 b   4.8 a   5.4 a   5.3 a   6.0 a   5.6 a   26.9 a   14.5 b   24.2 a  

 2005  13.6 a   14.2 a   14.1 a   12.0 b   5.8 a   6.4 a   5.7 a   6.4 a   6.1 a   –  –  – 

 2006  14.8 b   16.0 a   15.6 a   14.2 b   7.3 a   8.3 a   6.1 a   6.8 a   6.5 a   36.0 b   21.7 a   27.1 a  

 2007  16.0 b   17.8 a   17.1 a   16.6 b   9.1 a   9.9 a   6.6 a   7.2 a   7.0 a   55.1 b   31.1 a   28.9 a  

 2008  16.9 b   19.1 a   18.0 a, b   18.3 b   10.3 a   11.0 a   7.0 a   7.6 a   7.5 a   60.2 b   32.2 a   30.7 a  

   TF  forest treatment,  SST  traditional silvopastoral treatment,  SSF  strip silvopastoral treatment 
 *Different letters indicate signifi cant differences, LSMEANS (p ≤ 0.05), for analysis over time, by year and treatment  
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began to show a greater productivity, with signifi -
cant differences in relation to the open prairie 
treatment. For the last two seasons SSF showed a 
greater pasture production, with signifi cant dif-
ferences in relation to the other two treatments. In 
general, in all seasons, the best production was 
from the strip system. The worst production sea-
son for the treatments was the fi rst evaluation 
period (2004–2005), because it was the fi rst year 
after opening of the canopy in the silvopastoral 
treatments and improvement of the prairie. Note 
that the pasture productivity in the silvopastoral 
systems decreased after the second growing sea-
son as the canopy closed.

   In animal production the treatment and 
treatment*time effects were not signifi cant but 
productivity was signifi cantly different over time 
with the best season being the 2006–2007 grow-
ing season (Table  9.3 ). In the last growing season 
the effects of increasing crown cover was reduc-
ing animal productivity.

   Regarding microclimate evaluation, the aver-
age wind speed was higher in the cattle system 
(SG) than the silvopastoral systems throughout the 
evaluation period (Fig.  9.2a ). Further, wind speeds 
were greater in spring-summer (August–January) 
than in winter (April–July), with greater differ-
ences between the open prairie and the silvopasto-
ral treatments at high wind speeds. The maximum 
difference was 10 km h −1  in October 2007. Further, 
the traditional silvopastoral treatment had lower 
wind speed than the strip system, because the for-
mer has a more uniform distribution of the trees 
(Sotomayor and Teuber  2011 ). The mean maxi-
mum speed, increased from August (end of win-
ter) until April (beginning of autumn). The open 

prairie had the highest mean maximum speeds of 
29 km h −1  in October. For that same month, 
the strip system registered 18 km h −1  and the 
 traditional silvopastoral system slightly below 
10 km h −1 .

   Wind Chill is defi ned a still-air temperature 
that would have the same cooling effect on 
exposed human skin, or animal skin, as a given 
combination of temperature and wind speed. It 
called also as chill factor, windchill factor, and 
windchill index. The lowest wind chill values 
were presented in the cattle treatment and the 
higher values, with similar results, in the silvo-
pastoral treatments (Fig.  9.2b ). This value is 
important for animal management, because the 
animals must use more energy to regulate their 
body temperature when there are low tempera-
tures and high winds and consequently low val-
ues of wind chill (Quam and Johnson  1999 ). For 
this reason, the silvopastoral treatments provide 
them greater protection, reducing animal energy 
consumption (Sotomayor and Teuber  2011 ). 

 In relation to air temperature, no signifi cant 
differences between treatments were found. 
Between October 2007 and February 2008, the 
strip system had an average value of 10.2 °C 
compared to 9.9 °C for the than the open prairie. 
In the February to March 2008 period the envi-
ronmental temperature had dropped to 7.9 – 7.7 – 
7.9 °C for the strip, traditional and cattle systems, 
respectively (Sotomayor and Teuber  2011 ). 

 Relative humidity did not differ between treat-
ments. They ranged from 85 % for winter month 
to 62 % in January 2008, during the summer 
period. Average monthly rainfall between July 
2007 and April 2008 was 260 and 229 mm in the 

   Table 9.3    Cattle production per hectare (kg live weight gain ha −1 ) by treatment, seasons 2004–2005 to 2007–2008, San 
Gabriel Agroforestry Unit, Aysén Región, Chile   

 Treatment 

 Live weight gain per hectare of prairie and season (kg live weight ha −1 )  Total production 
2004–2008 (kg live 
weight ha −1 )  2004–2005  2005–2006  2006–2007  2007–2008 

 T2: SST  114 a   239 a   306 a   159 a   817 

 T3: SSF  110 a   256 a   318 a   172 a   855 

 T4: SG  96 a   228 a   349 a   144 a   817 

 Average production 
per season and total 

 107  241  324  159  830 

   SST  traditional silvopastoral system treatment,  SSF  strip silvopastoral system treatment,  SG  cattle treatment 
 *Different letters indicate signifi cant differences LSD Fisher (p ≤ 0.05), between treatments in the season  
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  Fig. 9.2    ( a ) Average monthly wind speed (km h −1 ), 
January 2007–June 2008; ( b ) average monthly wind chill 
by treatment and month, January 2007–June 2008, at San 

Gabriel Agroforestry Unit, Aysén Region, Chile (Source: 
Sotomayor and Teuber  2011 )       

 

9 Silvopastoral Systems in the Aysén and Magallanes Regions of the Chilean Patagonia



220

strip and open pasture systems, respectively. 
Between March and June 2008 the rainfall was 
signifi cantly greater in open prairie than in the 
traditional silvopastoral systems (196 vs.179 
mm, respectively), due to a increase interception 
of the tree cover (Sotomayor and Teuber  2011 ).  

9.2.1.4    Regression analysis 
 As expected good relationships were found 
between wind speed and DBH, CC and BA 
(r 2  ≥ 0. 95) primarily due to the shelter effects of 
the trees (Fig.  9.3 ).

   To analyze the effect of trees, arranged in sil-
vopastoral systems, on prairie production, BA 
and CC were related to the pasture production. 
BA showed a weak correlation with prairie pro-
duction, with an r 2  = 0.22 and 0.35 for traditional 

and SSF strip systems, respectively. In contrast, 
crown coverage (CC) was closely related to prai-
rie production with r 2  = 0.8 and 0.69 for traditional 
and strip systems, respectively (Fig.  9.4 ). The bet-
ter relationship in the former is due to the even 
distribution of the trees and therefore better wind 
interception; its higher forest crown cover reduces 
windspeed which increases prairie productivity.

   Two models were explored to understand ani-
mal productivity. The fi rst model, Pa = f (CC*Vv), 
explained 92 % of the variation, while adding 
DM to the model (i.e. Pa = f (CC*Vv*DM) 
explained 96 %. On the basis of these multiple 
linear regression models for animal production, 
we concluded that animal production was related 
to prairie production and this in turn was related 
to the interaction of CC (%) and Vv (km h −1 ).  

9.2.1.5    Conclusions 
 In the silvopastoral treatments there were higher 
prairie production compared to the open prairie 
treatment. The factor that most infl uenced this 
increase was tree crown coverage, which reduced 
the wind speed by 200 % in silvopastoral systems 
compared to the open pasture. Furthermore, tree 
crown coverage and windspeed explained 92 % of 
the animal production variation in silvopastoral 
systems. We can conclude that the trees present in 
silvopastoral treatments changed the microcli-
mate to the farmer’s benefi t. In this region the 
reduction in wind speed was most important fac-
tor. In addition, incorporating trees allows the 
possibility of wood production (Sotomayor et al. 
 2009a ). For prairie production, the strip silvopas-
toral system was the best, but for animal produc-
tion the results were less conclusive.    
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9.2.2     Results and Experiences 
in the Production of Fodder 
Crops Production 
with Windbreaks 

 In the Aysén region of Chile the use of planted 
tree windbreaks for soil and prairie protection is 
still scarce, although the detrimental effect of the 
wind on plant productivity and soil erosion, has 
been documented (Sotomayor et al.  2011a ). From 
2002, INIA and INFOR studied the use of wind-
breaks to enhance the growth of animal fodder 
and pasture in Patagonia. The details below at 
taken from the book “Sistemas Agroforestales 
para la Region de Aysén: Cortinas Cortaviento y 
Silvopastoreo” (Teuber  2009 ). 

 The Los Ñires Farm was selected to establish 
the windbreak study. The farm is in the lower part 
of the Simpson Valley, Coyhaique Municipality, at 
an approximate altitude of 325 m above sea level 
and is known for strong winds from the northeast. 
The soil and climate characteristics are typical of 
the intermediate zone of the Aysén Region. 

 On this fl at site the shelter was provided with 
a 32 year-old mature tree windbreak having three 
rows of  Pinus contorta ,  Pinus ponderosa  and 
 Pinus sylvestris , with a mean height of 14 m. 
This shelterbelt was oriented perpendicular to the 
main damaging wind. The study included two 
fodder species and one fodder mix, of great 
importance to the cattle production in the area:

    (a)     Dactilys glomerata  (orchard grass);   
   (b)     Medicago sativa  (lucerne); and   
   (c)    A fodder mixture comprised of  Lolium perenne , 

 Festuca arundinacea  and  Trifolium repens  
(perennial ryegrass, fescue and white clover).    

  A randomized complete block design, with 
three replications was used with the crop produc-
tivity being measured at different distances from 
both the leeward and windward sides of the wind-
break. The three treatments were sown perpen-
dicular to the windbreak, during November 2005 
and samples of 0.5 m 2  were harvested for dry 
matter production in January and May 2006. 
These samples were taken at different distances 
between 0 and 15 H on the leewards side of the 

windbreak and from 0 to 5 H on the windward 
side (where H is the height of the shelterbelt). For 
this study, the control was the area at 14–15 H. 

 The results were statistically analyzed by anal-
ysis of variance, was and Fisher’s LSD test at 
 P  = 0.5 was used to compare specifi ed hypotheses.   

9.3    Results and discussion 

 Orchard grass is the principal forage grass in nat-
uralized and sowen prairies in the Intermediate 
Zone of Aysén, due to its good adaptation to 
water defi cit conditions and its good performance 
under cattle grazing systems. 

 Production varied signifi cantly with distance 
from the shelterbelt with the best production, 
18.0 Mg DM ha −1 , found at 2–3 H (Fig.  9.5 ). The 
more protected leeward areas between 0 and 5 H 
had the best production (14.8–18.0 Mg DM ha −1 ) 
comparing to between 6 and 15 H sector where 
average production was 12.7–14.5 Mg DM ha −1 . 
On the windward side, the pasture production 
was 11.9–14.2 Mg DM ha −1 . The pasture growth 
in the 0–5 H zone was 22 % greater than at 15 H.

   The fodder mixture had a minimum productiv-
ity of 12.9 Mg DM ha −1  at 14 H and the maximum 
of 18.7 Mg DM ha −1  at 3 H. Again greater produc-
tion was found on the more protected leeward 
zone between 0 and 7 H where the production was 
15.9 and 18.7 Mg DM ha −1 . At 8–15 H from the 
shelterbelt the average production was between 
13.5 and 15.6 Mg DM ha −1 . In the case of wind-
ward side production ranged from 12.6 to 14.5 Mg 
MS ha −1 . 

 Lucerne is a pasture species of major potential 
in the Aysén Intermediate Zone, due to its large 
and deep root system. As it can extract water 
from depth, it is more resistant to water defi cit 
periods which occurred in summer. When dry 
matter production was analyzed in the second cut 
in May, (the fi rst cut had problems with weeds 
and was not evaluated) it was found that 0–5 H 
zone had an average production of 3.5–5.1 Mg 
DM ha −1 , which was 47 % of greater than the 15 
H control zone. On the windward side, the pro-
duction fl uctuated between 2.9 and 3.4 Mg DM 
ha −1 .  
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9.4    Conclusion 

 These studies confi rmed that windbreaks are of 
great assistance for animal fodder production in 
the Aysén region. All the species and mixtures 
studied responded favorably to the protection 
afforded by the windbreak, with increases rang-
ing from 14 % with the fodder mixture to 47 % 
with lucerne when comparing the area of most 
protection between 0–5 H to the least protected 
area (15 H), considered in this study as control. 
Finally, we recommend that cattle and agricul-
tural producers of Aysén Region use tall-tree 
windbreaks to increase the productivity of fodder 
species as well as for the protection of soils by 
wind erosion. There may also be the possibility 
of wood production when the trees are mature 
and need to be replaced.  

9.5     Management of Deciduous 
Species of the  Nothofagus  
Genus for Silvopastoral 
Purposes in the Chilean 
Regions of Aysén 
and Magallanes 

9.5.1     Silvopastoral Management 
Experiences in Forests 
of  Nothofagus antarctica  
and  N. pumilio  in the Region 
of Aysén 

 The region of Aysén represents the highest pro-
portion of native forests in Chile with a total of 
4.3 million hectares, of which Ñire forests how-
ever only account for 131,593 ha (CONAF- 
UACH  2011 ), mostly distributed in the communes 
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  Fig. 9.5    Cumulative production of orchard grass, 2005–
2006 summer seasons, in kg DM ha −1 , in windward and 
leeward of a tree windbreak, Aysén Region, Chile 

(Different letters indicate statistically signifi cant differ-
ence, p ≤ 0.05) (Source: Teuber et al.  2008 )       
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of Coyhaique, Lago Verde and Cochrane, where 
they grow up to a sea level of 1,200 m. 

 Despite its wide geographic distribution, 
information on silvicultural practices associated 
with ñire is rare. When talking about a ñire forest, 
the image often is the one of a sick forest with 
high pressure from cattle grazing, subject to 
insect plagues and forest fi res during decades, 
leading to a very low commercial value of these 
ecosystems. The shrub-like growth of this spe-
cies with crooked stems has not allowed its use as 
timber (Donoso  2006 ). Ramírez et al. ( 1985 ) 
classify three morphological types of ñire in the 
central-southern part of Chile, according to the 
development of the over ground plant system: 
tree-like, shrub-like and chamaephyte-like. This 
ecomorphological plasticity makes it possible for 
the species to tolerate various and often harsh 
weather conditions with major temperature varia-
tions during the day and atmospheric saturation 
defi cits (Weinberger  1973 ), as is the case for the 
ñire forests growing near the tree line in the 
Aysén region. From the botanical point of view 
ñire forests typically are regarded as belonging to 
the class of  Nothofageteapumilionisantarcticae  
(Oberdorfer  1960 ). 

 Experiences of silvopastoral management in 
Aysén are twofold. The fi rst one relates to a 
research project currently being carried out by 
INFOR with the objective of establishing guide-
lines for the silvopastoral management of ñire 
forests. This study evaluated ñire forests under 
two site conditions: a humid condition related to 
a swamp area and a drier condition on a site with-
out groundwater infl uence. In each case three 
management methods were selected. The fi rst 
method represents a situation without light limi-
tation (100 % total light transmission) corre-
sponding to open areas where the forest has been 

cut down or is naturally not present (Peri et al. 
 2005 ). The second situation corresponds to silvo-
pastoral management after a homogeneously dis-
tributed thinning intervention (extracting 40 % of 
the basal area) (Table  9.4 ). The third treatment 
considers an original forest without intervention 
corresponding to the low-pole development stage.

   In order to characterize the prevailing forest 
structure a conglomerate composed of three 
permanent round sample areas (200 m 2 ) 
arranged systematically in an inverted “L” 
shape (Martin et al.  2009 ) was evaluated. To 
defi ne the incorporation of seedlings in each 
sample site, four permanent sample plots of 
1 m 2  (Bahamonde et al.  2011 ) were installed in 
line with the cardinal points inside each perma-
nent round sample area. Pasture productivity 
was measured by including randomly distrib-
uted exclusion cages (0.5 m 2 ) within each situa-
tion (Sotomayor et al.  2007 ). 

 vire has a high vegetative reproduction capac-
ity, responding very well to growth-enhancing 
hormones (Salinas et al.  2011 ). Thanks to this 
typical feature forest management of the species 
has traditionally been based on agamic regenera-
tion (Peri  2005 ). In this context, for the purpose 
of silvopastoral management two types of indi-
vidual trunk protectors were installed (to protect 
against pressure from herbivores such as live-
stock and hare) in order to be able to evaluate the 
resprouting behaviour of ñire. For estimations of 
canopy-cover, light conditions and totally trans-
mitted photosynthetically active radiation (PAR) 
were determined using ten hemispherical photo-
graphs of the tree cover were taken from 1 m to 
the ground, these were analyzed in the Gap Light 
Analyzer (GLA) software. 

 Although this research study is still under 
development, there are some preliminary results 

   Table 9.4    Dendrometric variables for silvopastoral management under two site conditions, before and after a thinning 
intervention (extracting 40 % of basal area) with homogeneous distribution, Coyhaique, Aysén Region, Chile   

 Before the intervention  After the intervention  Indicator degree of 
intervention  H M   D MC   N  G  H M   D MC   N  G 

 Site  [m]  [cm]  [tree ha −1 ]  [m 2  ha −1 ]  [m]  [cm]  [tree ha −1 ]  [m 2  ha −1 ]  D MC remaining /D MC initial  

 WET  9.3  10.3  5 263  44.16  9.1  12.1  2 350  26.80  1.1 

 DRY  9.9  11.8  3 600  39.08  10.1  13.8  1 467  22.01  1.1 

   H   M   average height,  D   MC   average quadratic diameter,  N  density,  G  basal area  
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on the characterization of forest management 
(witness areas) and silvopastoral management 
before and after the intervention available. In the 
case of silvopastoral management a thinning 
intervention extracting 40 % of the basal area 
(Fig.  9.6a ) was applied to each study site, with 
the purpose of leaving an approximate canopy 
cover of 40 % (Fig.  9.6c ).

   The second example of silvopastoral manage-
ment of ñire forests corresponds to an initiative 
taken by the National Forest Corporation 

(CONAF) in 2010 (not published). Its objective 
was to evaluate the reaction in growth and regen-
eration of a 60-year-old ñire forest in the com-
mune of Río Ibáñez under different thinning 
schemes (IR) and with different canopy cover 
(CC). The area was subdivided into four plots of 
approximately 3800 m 2  with a previously defi ned 
treatment for each plot; T1 = 50 % of CC and 
30 % of IR, T2 = 0 % of CC and 100 % of IR, 
T3 = 100 % of CC and 0 % of IR, T4 = 30 % of 
CC and 70 % of IR. The different cover percent-

  Fig. 9.6    ( a ) Extracted and total remaining basal area (G) 
in a silvopastoral system for  N. antarctica , growing under 
two site conditions, Aysén Region, Chile; ( b ) 
Hemispherical photograph taken of the dry site condition 

before the thinning intervention.  c  Hemispherical photo-
graph taken of the dry site condition after the thinning 
intervention       
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ages were defi ned according to Tejera et al. 
( 2006 ). The thinning intensities were established 
based on the recommendations of Peri ( 2005 ). 
In order to defi ne the dynamics of regeneration, 
10 plots of 1 m 2  each were established in each 
intervention area distributed systematically every 
15 m (Fig.  9.7 ).

   Forestry measurement was carried out in 
September 2011 and April 2012, after which a 
process of natural (seeds) and vegetative 
(resprouting from trunk) regeneration was initi-
ated, which was enhanced by excluding 
livestock. 

   Although ñire is a shade-intolerant species 
(Donoso  2006 ), the highest percentage of regen-
eration did not occur on the trunks without 
 vegetation cover (T2: clearcut), but under the 
protection of a higher canopy cover of some 
30 % (Table  9.5 ). The same trend was reported by 
Tejera et al. ( 2006 ) in the province of Chubut, 
Argentina. 

 Lenga is represented in Aysén region by 
947,685 ha (CONAF-UACH  2011 ), but has been 
less studied in relation to silvopastoral manage-
ment systems. The only study carried out in the 
Region was initiated within an international proj-
ect co-fi nanced by the Institute of Agricultural 
Research (Instituto de Investigaciones 
Agropecuarias, INIA) and the Spanish 
Biodiversity Foundation (Fundación 
Biodiversidad); it was carried out between 2005 
and 2008 and new measurements are presently 
being collected. The project considered silvopas-
toral systems as an integrated management sys-
tem, by taking advantage of the synergies 
resulting from the ecological interaction between 
forests and pastures. In different climate regions 
of the world there is empirical evidence that both, 
production and conservation goals can simulta-
neously be reached by maintaining a certain tree 
cover within the agricultural system (Tscharntke 
et al.  2005 ; Rivest et al.  2013 ). For instance, in 
the Mediterranean basin these ecosystems have 
existed for more than 5000 years. Based on these 
experiences, the project aimed at setting the sci-
entifi c bases for the implementation of silvopas-
toral systems in the remaining patches of native 
forests. In order to do so the effect of tree cover 
on the herbaceous stratum was analysed, consid-
ering different agronomical (e.g. production, for-
age quality) and ecological (e.g. biodiversity, 
presence of native plant species) variables. 

  Fig. 9.7    Comparison of dendrometric 
variables, density (N) and basal area (G) in a 
forest of  N. antarctica  before and after a 
thinning intervention of varying intensity, 
Aysén Region, Chile       

   Table 9.5    Response of natural and agamic regeneration 
after different intensities of thinning, Bahía Murta, Aysén 
Region, Chile   

 Treatment 

 Regeneration 

 Seedlings [n° ha −1 ]  Resprouting stump [%] 

 T1  23,000  32.5 

 T2  3000  21 

 T3  2000  – 

 T4  24,000  65.1 
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 The study was conducted on a remaining 
patch of lenga forest located in Simpson Valley, 
sector Santa Elena, commune of Coyhaique 
between 45°77 S and 72°06 W at 619 m above 
sea level. This valley is situated in the intermedi-
ate agro-climate zone with climate conditions 
between the evergreen forests along the coast 
and the Patagonian steppe to the East (Hepp 
et al.  1988 ). Simpson Valley is one of the fi rst 
valleys in the area colonized for livestock farm-
ing at the beginning of the twentieth century 
(Otero  2006 ). Within the experimental station, 
one 50 ha sector comprising grasslands and 
lenga woodlands was delimited. Two different 
complementary approaches were used: analys-
ing the tree cover continuum between dense for-
ests and open tree- lees grasslands, and the spatial 
contact between the two ends of this continuum; 
in the latter four permanent exclusion areas 
(10 × 80 m 2 ) were established to evaluate the 
infl uence of livestock grazing on these 
ecosystems. 

 Between October and April of the years 2006 
and 2008, the herbaceous biomass inside and out-
side wire exclourse cages (70 × 100 × 50 cm), was 
measured on a monthly basis, cutting the grass at 
soil level with an electric shearing handpiece. 
After each sampling date, cages were relocated in 
order to avoid previously sampled areas. Floristic 
composition of and soil physicochemical vari-
ables were measured as well. 

 In total, 36 herbaceous species were regis-
tered, distributed in 33 genera and 17 families 
(Sánchez-Jardón et al.  2014a ) and 8 shrub spe-
cies, all of them native; i.e.  Berberis microphylla  
G. Forst,  B. serratodentata  Lechler,  Chusquea 
culeou  E. Desv,  Maytenus disticha  (Hook. f.) 
Urban,  Ovidia andina  (Poepp. & Endl.) Meisn. 
 Ribes cucullatum  Hook. & Arn.,  R. magellani-
cum  Poir. and  Senecio magellanicus  Hook. & 
Arn. Roughly 50 % of the 36 herbaceous species 
were native. The introduced species  Dactylis 
glomerata  L.,  Trifolium repens  L. and  Taraxacum 
offi cinale  (Weber.), were the most abundant ones 
with a cover of 29, 20 and 12 %, respectively. Net 
primary production was higher on pastures 
(300 ± 29 g m −2 ) than on dense forests (164 ± 40 g 
m −2 ). Some areas with scattered trees (50–70 % 

of PAR transmitted through the canopy) pre-
sented, however, maximum production values, 
coinciding but lower water-soluble carbohy-
drates, as expected in shaded plants (Sánchez- 
Jardón et al.  2010 ). Also, forest soils were richer, 
which seem to be associated to the lower intake 
by livestock and a sustained fertilization process 
through dung (Sánchez-Jardón et al.  2014b ). 
These results support the implementation of sil-
vopastoral management systems on lenga forest 
patches. 

 The effect of tree cover especially in its func-
tion as a light fi lter, and the impact of livestock 
grazing are the two factors explaining the spatial 
variation in the structure of the herbaceous plant 
communities. Grazed-on forests maintain higher 
native species richness than tree-less pastures, so 
that the coexistence of both types of patches. 

 Results from permanent exclusion areas 
showed that, after 2 years, the absence of live-
stock grazing changes plant species composition 
and diversity, and generally favouring native her-
baceous species ( unpublished data).  Results sug-
gest that native species diversity could be restored 
in these grazing systems, thus their conservation 
value improved.  

9.5.2     Silvopastoral Management 
Experiences in Forests 
of  Nothofagus antarctica  
and  N. pumilio  in the Region 
of Magallanes 

 Ñire forests do not have an important timber 
value. However, they are very appreciated by 
their ecological and scenery services and consti-
tute an important resource for the regional live-
stock industry. According to CONAF-CONAMA 
( 2006 ), ñire forests cover 220,045 ha in 
Magallanes. Most of them are located under 400 
m.a.s.l., in sites with slopes up to 30 % and fre-
quently, at the contact zone with the Patagonian 
rangelands, which make them accessible for 
grazing most part of the year (Fig.  9.8a ).

   At silvopastoral trials associated to ñire forests 
in Magallanes (Schmidt  2008 ), the highest whole-
system productivity results were obtained under 
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tree covers of 41–57 %. At this canopy cover 
range, the PAR at the ground level, as well as the 
soil temperature and moisture were the highest 
during the growing season. These  microclimatic 
conditions allowed for a signifi cant improvement 
of the understory from a grazing perspective, 
increasing the presence of species of high nutri-
tional value as  Holcus lanatus  L. , Dactylis glom-

erata  L. and  Trifolium repens  L. from 15 to 67 %, 
in a dry weight basis. Pasture productivity also 
increased, reaching values up to 2 Mg of DM ha −1  
during the growing season, a signifi cantly higher 
value than those obtained in sites with a higher 
tree density or without trees. 

 Due the favorable microclimatic conditions, 
pasture growth in silvopastoral systems start ear-

  Fig. 9.8    ( a ) Beef cattle grazing in a Ňire forest, sector el 
Palenque, Province of Ultima Esperanza, Magallanes 
Region, altitude 260 m above sea level; ( b ) General view 

of a silvopastoral system associated to Lenga, sector 
Monte, Province of Ultima Esperanza, Magallanes 
Region, altitude 300 m above sea level       
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lier and fi nish later than in pastures without a tree 
stratum, resulting in higher food availability at the 
beginning and the ending of the grazing  season. 
Moreover, due the wind protection effect of the 
trees, animals grazing in silvopastoral systems 
dedicate less time looking for food, are more selec-
tive and increase the total forage consumption, 
which increases the weight gain (Schmidt  2008 ). 

 Under high winds and rain, animals without a 
tree protection stop eating and group together, 
whereas animals in silvopastoral systems main-
tain their normal grazing routine. In snowy con-
ditions, animals in the forest look for food and 
shelter under the trees. On the contrary, animals 
in open pastures stop eating and dedicate more 
time looking for sites of thin snow to graze 
(Schmidt  2008 ). Most of the watering points 
freeze during the winter, but only those in open 
pastures need for a periodic human intervention 
to break the ice cover allowing cattle the access 
to water. All the above reasons have promoted an 
extensive and permanent grazing of the ñire for-
ests in Magallanes, with great benefi ts for the 
regional livestock industry. 

 Lenga forests are the principal timber resource 
of the region. According to CONAF-CONAMA 
( 2006 ), lenga secondary forests cover 120,000 ha 
in Magallanes. The majority of these secondary 
forests are not part of the economic activity of the 
region, and only a small fraction is managed with 
silvicultural methods. Differently to the silvopas-
toral systems associated to ñire, silvopastoral 
systems in lenga secondary forests emerge as a 
consequence and opportunity when applying sil-
vicultural management methods to tree stands 
looking to increase the growth rate of selected 
trees by reducing the competition through thin-
ning once the secondary forest is at pole and sap-
ling stage and 40–60 years of age. 

 At silvopastoral trials associated to lenga for-
ests in Magallanes (Schmidt et al.  2013a ,  b ), tree 
density was reduced to 600–1000 individuals 
ha −1 . Thinning the stand reduced tree canopy 
cover from 50 % to 15–30 %, which increased 
the PAR at ground level from 25 % to 50–65 % 

and the temperature and moisture of the soil dur-
ing the growing season (Fig.  9.8b ). 

 The modifi ed microclimatic conditions 
allowed for the growth of an understory cover of 
native species associated to the lenga dominated 
ecosystems. They also allowed for the growth 
and establishment of naturalized species associ-
ated to pastures and of high nutritional value, as 
 Holcus lanatus  L.,  Dactylis glomerata  L. , Lolium 
perenne  L. , Phleum commutatum  Gardin and 
 Trifolium repens  L., creating an ecotone between 
pastures and forests of high biodiversity. Grass 
cover increased with the PAR at ground level. At 
secondary forests without thinning, of 1000 and 
600 trees ha −1  the grass cover was 0.35 and 73 %, 
respectively. The grass cover in open grasslands 
was 84 %. The understory yielded up to 2 Mg 
DM ha −1  y −1 , with 6–8 % of crude protein. 
Grazing trials demonstrated a live weight gain of 
580 g d −1  in Hereford steers. 

 As trees grow, their canopy cover closes and 
new thinnings are required to keep the productiv-
ity of the pasture underneath. When the forest 
reaches its mature stage at a density of 300–400 
tree ha −1 , the canopy closes defi nitely and the sil-
vopastoral stage comes to an end favoring the 
establishment of a lenga seed bank that ensures 
the forest regeneration. 

 Results presented here show the high silvo-
pastoral potential of the Aysén and Magallanes 
forests. However, there is still lack of knowledge 
in the management of seeding forests with pas-
tures of high fodder value, in the fertilization of 
the pastures associated to the forests and in the 
stocking rate and grazing time that maximize the 
grazing potential of the system without affecting 
the forest stability and natural regeneration, 
ensuring their perpetuity. Thus, the implementa-
tion of silvopastoral systems adapted to the spe-
cifi c conditions of these regions, should allow to 
transform these forests in a more productive and 
diverse ecosystems improving the quality of the 
timber and cattle products. The design of silvo-
pastoral schemes requires a systemic approach of 
the components (forest, pairie and cattle).      
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    Abstract  

  The cold zone of Brazil occupies approximately 6 % of the national terri-
tory and is located between latitudes 24° S and 33° S. In this area, exten-
sive cattle and sheep farming systems and conventional cropping and 
forestry are predominant. With the end of government subsidies by the 
decade of 1980s, an increase in farming production costs, a decrease of 
native forest covering, an increase of degraded areas in agriculture and 
livestock farming systems and a mismatch between timber national supply 
and demand after 1990s, an opportunity arises for integrate forestry with 
livestock and agriculture activities in Brazil, particularly in the southern. 
This chapter initially reports key events over the last three decades that 
have supported the increasing interest of farmers and enterprises on agro-
forestry activities, with focus on silvopastoral systems in the cold area of 
Brazil. Then, relevant advances on silvopastoral systems from research 
and extension services were reported, highlighting the screening of shaded 
adapted forage plants and management, trees species screening for silvi-
pastoral systems and animal performance and behaviour under trees. 
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Finally, the chapter analyses the existent opportunities to increase silvo-
pastoral areas in southern Brazil and future challenges for research, devel-
opment and technology transfer.  

  Keywords  

  Southern Brazil   •   Agroforestry   •   Tree   •   Forage   •   Cattle   •   Sheep  

10.1       Introduction 

 The “cold zone” in Brazil is located in the south-
ern region of the country, between latitudes 24° S 
and 33° S, comprising the states of Rio Grande 
do Sul, Santa Catarina and the south-central 
region of Paraná, occupying an area of approxi-
mately 576,410 km 2  (6 % of the national terri-
tory). This region has two important Biomes: the 
Pampa located at the most southern part of Rio 
Grande do Sul and the Atlantic Forest in southern 
Brazil territory. The climate is classifi ed as sub-
tropical cold with frequent frosts in winter and 
hot summers. Average annual temperatures range 
from 12 to 20 °C with well-defi ned seasons, and 
the annual average rainfall varies from 1250 to 
2000 mm well distributed throughout the year. In 
the cold zones of Brazil, adaptation to frosts is 
the most important plant survival factor. As the 
frosts may vary each year (Fig.  10.1 ), the time of 
occurrence of frosts is critically important with 
regard to development of vegetation. The most 
damaging are early frosts in autumn and late 
spring. They eventually reach plants that are not 
cold hardy. In southern Brazil, 200,355 km 2  are 
arable land, 48,430 km 2  cultivated pastures, 
108,426 km 2  grasslands, 62,088 km 2  natural 
 forests and 25,313 km 2  tree plantations. Of the 
total arable land, 87 % is being used in row crop 
agriculture (i.e. soybean, maize and rice mainly) 
and 10 % is devoted to fruits and horticulture and 
3 % to cutting forages (IBGE  2006 ).

   Brazil has the second largest forest cover in 
the world, equivalent to 14.5 % of the global for-
est area, surpassed only by Russia (FAO  2014 ). 
Out of the total area of the country (845.7 M ha = 
million ha), approximately 54.4 % are covered by 
native forest and only 0.8 % with plantations. 
Planted forests in Brazil occupy approximately 

7.2 M ha, of which about 5.1 M ha are eucalyp-
tus, 1.6 M ha pines, and 0.5 M ha other species 
(ABRAF  2010 ). According to the Brazilian 
Association of Planted Forest Producers 
(ABRAF), the southern region currently has 1.9 
million ha of eucalyptus ( Eucalyptus  spp.), pine 
( Pinus  spp.), and black wattle ( Acacia mearnsii ) 
plantations and 511,000 ha of agroforestry areas 
(IBGE  2006 ). Among the main products of the 
national forest industry, the cold region of Brazil 
has a great emphasis on the production of yerba 
mate ( Ilex paraguariensis ), fi rewood, sawmill 
logs and wood for the panel, pulp and paper 
industries, besides the black wattle bark for tan-
nin extraction. 

 This puts Brazil in a strategic position in 
global environmental issues due to the great pro-
ductive potential of timber and non-timber forest 
products. From 1967 to 1987, reforestation pro-
grams with tax incentives resulted in a staggering 
growth in the sector, allowing organization of 
activities and consolidation of the forest sector as 
of great importance to the country. Investments, 
which totaled about US$ 10 billion, according to 
the Brazilian Ministry of Environment (MMA), 
resulted in a surplus in the supply of wood during 
this period, as a result of signifi cant technological 
development attained by the planted forest sector, 
raising productivity in plantations of pine and 
eucalyptus from 20 to 40 m 3  per hectare per year. 

 With the end of tax incentives in 1987, there 
was a drastic reduction in forest plantations, 
compromising the expansion of the sector and 
leading to a mismatch between timber supply and 
demand to meet the needs of projected growth by 
forest-based industry in the medium and long 
term. According to estimations of the Federal 
Government agencies and the Brazilian Society 
of Silviculture (SBS), Brazil will need about 275 
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million m 3  of wood from planted forests by 2020 
to meet the national demands of the pulp and 
paper, lumber, panels, charcoal and fi rewood 
industries. This means an estimated area of 8.7 M 
ha to reach future demand of wood in the country 
by 2020, according to SBS (2008) and MMA. As 
southern Brazil concentrates 33 % of the national 
forest planted forests, then RS, SC and PR states 
would need to increase from current 1.9 M ha 
(IBGE  2006 ) to 2.9 M ha by 2020 or about 
71,000 ha per year from 2006 to 2020. The sce-
nario also pointed out a marked imbalance 
between supply and demand, with imminent risk 
of a defi cit in wood supply and negative conse-
quences to primarily sawmills and the furniture 
industry. The crisis of wood from commercial 
forests, known as a national “forest blackout,” 
strongly affected the forest industries. Therefore, 
since 2004, government new incentives through 
extensive credit and low interest rates were 
offered and a new cycle of expansion for planted 
forests occurred mainly with eucalyptus for the 

pulp and paper industries and pine for sawmill 
lumber and veneer in southern Brazil. Due to the 
favorable climate and soils, the high productive 
potential, the existence of high-tech production 
tools, the availability of land at a low acquisition 
cost and the simultaneous crisis of livestock and 
agricultural sectors in the early 2000s, national 
and international companies and producers 
increased the area of plantations by approxi-
mately 331,000 ha in the last 5 years, mainly with 
eucalyptus and black wattle on the border area 
with Uruguay, and pine in highland areas of the 
states of Rio Grande do Sul and Santa Catarina. 

 From the early 1990s, the increase in produc-
tion costs (especially agricultural inputs), a 
decrease of native forest cover, an increase of 
degraded areas mainly through soil erosion con-
sequent to an increase in agricultural activities 
and livestock operations, and the phenomenon of 
rural exodus and concerns about animal welfare, 
led to the search for new and more sustainable 
production systems in southern Brazil, particu-

  Fig. 10.1    Cold zones and frequency of frosts in southern Brazil. Data are from historical averages (Adapted from 
Sentelhas and Angelocci  2012 )       

 

10 Silvopastoral Systems in the Cold Zone of Brazil



234

larly involving the integration of forestry with 
agriculture and livestock systems. As a result, the 
fi rst agroforestry systems were initiated in south-
ern Brazil. According to Radomski and Ribaski 
( 2010 ), Paraná was the fi rst State to use silvopas-
toral systems to any great extent, mainly on beef 
cattle farms. The Grevillea tree ( Grevillea 
robusta ) and species of Eucalyptus and Corymbia 
( Corymbia citriodora ) represented the most com-
mon forest species identifi ed in these systems. 
Associations between Eucalyptus and Grevillea 
with native trees such as Canafi stula ( Peltophorum 
dubium ), Gurucaia ( Parapiptadenia rigida ), 
Guabiroba ( Campomanesia  sp.), Aroeira ( Schinus 
terebinthifolius ) and the Yellow Ipe ( Tabebuia 
vellosoi ) were also observed. 

 In the early 1990s, technical work involving 
agroforestry systems in the cold region of Brazil 
was begun, mainly from collaboration between 
research teams of Embrapa (the Brazilian 
Research Corporation), federal universities, 
southern states research institutes and the rural 
extension and technical assistance organizations. 
Also in the 1990s, several undergraduate and 
graduate courses such as Forestry, Agronomy, 
Animal Husbandry and Veterinary Science, as 
well as polytechnics and technical schools 
included in their academic curricula knowledge 
and training on agroforestry systems. In addition, 
between 1980 and 1994, 76 technical and scien-
tifi c articles were published by workers at the 
southern research institutes, of which 70 % were 
on agrosilvicultural systems and 30 % on silvo-
pastoral systems (Montoya et al.  1994 ). Also in 
the 1990s, the fi rst Theses and Dissertations on 
agroforestry systems from federal universities in 
southern Brazil were published, allowing the for-
mation of new knowledge and specialized human 
resources in this area. 

 Also since 2000, the technical and scientifi c 
experiences in agroforestry systems have multi-
plied in southern Brazil, especially with the work 
of scientists at Embrapa National Forestry Center 
(CNPF) and Sheep and Animal Husbandry 
Southern Center (CPPSUL), the Federal 
Universities of Rio Grande do Sul (UFRGS) and 
Paraná (UFPR), the Agricultural Research 
Foundation of Rio Grande do Sul (FEPAGRO), 
the Agricultural Research and Rural Extension 

Institute of Santa Catarina State (EPAGRI), the 
Agronomic Institute of Paraná (IAPAR) and at 
Technical Assistance and Rural Extension 
Corporations of Rio Grande do Sul and Paraná 
States (EMATER/RS and EMATER/PR). Among 
the most common and relevant topics observed in 
these studies were: tolerance of forage and agricul-
tural species to shading; indication of timber and 
non-timber tree species for agroforestry systems; 
forest spacing and planting designs for agrofor-
estry; tree productivity, interaction between trees, 
understory plants and grazing animals (cattle and 
sheep) in the systems; economic, environmental 
and social aspects of agroforestry; microclimate, 
water and nutrient relations within the systems; 
carbon balance and emission of greenhouse gases. 

 Another relevant observation in the past decade 
was the involvement of the private sector, mainly 
from the pulp and paper industries, with scientifi c 
and technical activities on agroforestry systems in 
cold regions of Brazil. The opportunity to increase 
plantation area, the regional culture on singular 
cropping or extensive livestock systems, and the 
increasing concerns about environmental issues, 
motivated forestry companies to initiate technical 
and fi nancial collaboration with research institu-
tions and extension to conduct applied research on 
the integration of forest- agriculture- livestock sys-
tems. In addition, from 2004, forestry companies 
started promoting partnerships with the State 
Government of Rio Grande do Sul and credit 
fi nancial institutions to expand agroforestry areas 
using eucalyptus and several crops and forages in 
southern Brazil. It was during this period that the 
greatest increase in agroforestry planted area in 
southern Brazil occurred, estimated at 3 million 
hectares currently. These areas mainly involved 
the combination of eucalyptus with various agri-
cultural crops (soybean [ Glycine max ], maize [ Zea 
mays ], sorghum [ Sorghum bicolor ], sunfl ower 
[ Helianthus annuus ], watermelon [ Citrullus lana-
tus ], wheat [ Triticum  spp.], barley [ Hordeum vul-
gare ]) with forage species grown (annual ryegrass 
[ Lolium multifl orum ], oats [ Avena  spp.], white clo-
ver [ Trifolium repens ], red clover [ Trifolium 
pratense ], birdsfoot trefoil [ Lotus cornicuatus ]), 
and ruminant animals (Fig.  10.2 ).

   Models of integrating trees with agriculture 
and livestock, promoted by forestry companies in 
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southern Brazil, had occurred before in the south-
east part of Brazil, mainly in Minas Gerais and 
São Paulo. However, these models had serious 
limitations in performing as a long term system 
in this southern environment, particularly in Rio 
Grande do Sul, because of the high tree densities 
used (above 1000 trees per hectare) and radiation 
conditions with lower photoperiod and a different 
solar angle (maximum 38 °  in July) in the winter 
period than tropical areas. These conditions com-
bined with the rapid early growth of eucalyptus, 
imposes heavy shading to understory plants at 
these latitudes. In addition, these agroforestry 
models failed to prevent excessive shading on 
understory by pruning and thinning trees at 4–5 
years after forest establishment. This resulted in 
short term agroforestry integration, allowing 
ruminant grazing under trees only for the fi rst 3 
years after trees had been planted. Then the area 
turned into an exclusive forest plantation, allow-

ing grazing only in the border areas. This fact has 
discouraged many farmers and producers from 
Rio Grande do Sul, who considered that this 
model would turn their traditional animal pro-
duction systems into conventional forestry rather 
than long-term integration systems. In 2010, the 
forest development programs were discontinued 
in southern Brazil because forest companies and 
environmentalists disagreed about environmental 
issues raised by the government of Rio Grande 
do Sul that were aimed at permitting establish-
ment of more plantations. Also the lack of fi rm 
positioning from State Government for the con-
solidation of forestry sector in southern Brazil 
discouraged advances in forestry investments. 
These factors caused forest companies to revise 
their strategic plans, quit the expansion of for-
estry and agroforestry areas, particularly in Rio 
Grande do Sul, and change their investments to 
the tropical and central region of Brazil. 

  Fig. 10.2    Agroforestry systems used in southern Brazil: 
integration between eucalyptus and sorghum [ Sorghum 
bicolor ] at VCP Company ( above  and  left ), sunfl ower 
[ Helianthus annuus ] ( above  and  right ); integration between 
eucalyptus ( Eucalyptus grandis ), tropical grass ( Brachairia 

brizantha ), eucalypt, grass temperate pasture and beef cat-
tle at a smallholder property in Paraná State ( below  and  left ) 
and integration between black wattle and  Digitaria diversi-
nervis  grass at FEPAGRO ( below  and  right ) (Images from: 
A.C. Varella; V. Porfi rio-da-Silva; Z.M. Castilhos)       
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Conversely, forestry investments were main-
tained similarly in Santa Catarina and Parana 
over the last 5 years. In these States, agriculture is 
predominant and area for expansion of conven-
tional forestry investments is limited, neverthe-
less there is still land area for the expansion of 
agroforestry systems. 

 The situation will likely remain the same in 
the near future. The southern region of Brazil will 
experience a decrease in the supply of raw mate-
rial for forest products, particularly to meet the 
demands of the furniture industry, sawn wood, 
medium density fi berboard (MDF) and particle-
board, joinery and carpentry business, pulp and 
paper industry, tannins, resins, and chemicals 
derived from black wattle, posts and treated wood 
for construction, and wood for energy and char-
coal. New debates for the resumption of forestry 
investments returned to the public agenda of gov-
ernments, forestry managers, technicians, pro-
ducers and more recently companies. This time, 
trying to establish a new strategy based on territo-
rial and sustainable development, as required by 
a modern society, with production systems 
adapted to the environmental, cultural and pro-
ductive conditions of the southern region. Clear 
rules and better integration for negotiating parties 
(government, environmentalists, farmers and 
companies) are needed to set a new cycle of for-
estry and agroforestry growth in southern Brazil. 
Therefore, agroforestry systems may provide a 
sustainable alternative to all parties, leading to 
new challenges for stakeholders and encourage 
the return of investments and expansion of agro-
forestry area in southern Brazil by private sector. 
To achieve that objective, some challenges must 
be addressed:

•    Proposition of feasible models for forestry- 
livestock farming systems in contrast to the 
traditional agricultural cultivation, the exten-
sive cattle and sheep rangeland systems and 
the specialization of forestry systems com-
monly used on farms and by companies in 
southern Brazil;  

•   Implementation of new programs promoting 
agroforestry, integrating public and private 
sector and encouraging the establishment of 

low tree density (below 800 trees/ha) systems 
and offering fi nancial credit compatible with 
the length of time required to obtain wood in 
these systems. Forest companies should 
change their strategy and focus on increasing 
the planting area (suppliers) by attracting 
more farmers (mostly rangeland producers) 
with the proposition to establish integrated 
systems. Animal producers are generally 
resistant to conversion of rangeland systems 
to a long-term profi t system such as forestry 
plantations;  

•   Reversal of the current situation of little 
knowledge and appreciation for the role of 
trees in farming systems (commercial, envi-
ronmental, animal welfare, landscape) by 
reinforcing curricula in schools and 
universities;  

•   To implement public policies that support a 
strategy of territorial management using geo-
spatial tools (satellite imagery and geo- 
referenced information system) capable of 
supporting decisions and rules for forestry and 
agroforestry business and reducing environ-
mental concerns, particularly avoiding 
exceeded occupation of natural biomes in 
southern Brazil;  

•   Enhance the certifi cation of forest products 
from sustainable systems such as 
agroforestry;  

•   Create massive technical training programs on 
agroforestry systems in the public and private 
sectors, associated with consulting fi rms, offi -
cial technical assistance, rural extension, and 
cooperatives.    

 This chapter includes main results collected 
from agroforestry experiments in Rio Grande do 
Sul, Santa Catarina and Parana, including several 
C 3  and C 4  pastures (natives and exotics) perfor-
mances under shade, beef cattle and sheep per-
formance and behaviour under trees, 
climate-tree-pasture-animal interactions, and 
other relevant results from the last 20 years. As 
part of this challenge, this chapter aims to: (i) 
review the major scientifi c and technological 
advances in silvopastoral systems, with emphasis 
on silvopastoral systems developed by public and 

A.C. Varella et al.



237

private institutions in southern Brazil; (ii) Report 
success cases from producers and forestry com-
panies; (iii) propose alternatives for expanding 
the area of silvopastoral systems in southern 
Brazil in order to promote development with sus-
tainable land management and providing oppor-
tunities to many services and multifunctional 
activities in farms, benefi ting producers, industry 
and consumers involved in this chain.  

10.2     Potential of Forage Plants 
for Silvopastoral Systems 
in Southern Brazil 

 The focus of research on silvopastoral systems in 
the late 1990s was to conduct experiments based 
on reductionist models, aiming to study binary 
interactions between the components of the inte-
grated system, such as tree-pasture, soil-plant, 
plant-environment, etc. (Saibro  2001 ) and rarely 
contemplated the effect of the grazing animals 
(Saibro and Barro  2009 ). 

 Since then, a series of silvopastoral projects 
were developed with grasslands, which is an 
important and remarkable forage resource in the 
southern region of Brazil, particularly in Rio 
Grande do Sul State. These studies demonstrated 
that tree species, age, and density are factors that 
interfere with the growth of C 3  and C 4  species of 
the native grasslands. This occurs because of 
changes in light quantity and quality that passes 
through the trees. For example, Varella and 
Saibro ( 1999 ) found no differences on dry matter 
yield underneath three  Eucalyptus saligna  densi-
ties (816, 400 and 204 trees ha −1 ) in the fi rst and 
second years of a silvopastoral system at the 
experimental site of UFRGS. According to the 
author, the incident radiation was not limiting to 
understory vegetation because trees were approx-
imately 2 m in height in this experiment. In addi-
tion, Fucks ( 1999 ), working at the same 
experimental site, reported decreases on grazing 
days, dry matter yield and stocking rates under 
the tree densities at years 3 and 4. In another 
UFRGS experiment, Silva ( 1998 ), working with 
winter pasture under  E. saligna , reported that tree 
density infl uenced animal performance as pasture 

density and carrying capacity decreased, affect-
ing beef cattle gains after the second year of tree 
establishment. 

 In the past, several studies focused on quanti-
fying the effects of reduced radiation on the yield 
of understory pasture, seeking to determine limits 
of pasture growth and forage shade tolerance 
when altering tree densities. In these experi-
ments, the shading levels were usually high after 
the second and third year as a consequence of the 
high tree populations established (800–1000 
trees ha −1 ), using fast growing trees and simple 
rows arrangement (Schreiner  1987 ; Silva et al. 
 1998 ; Fucks  1999 ; Varella and Saibro  1999 ; 
Lucas  2004 ). Despite these important advances, 
research on silvopastoral systems faced a discon-
tinuation of support by fi nancial agencies in the 
Brazilian subtropics and studies with a sequence 
of tree-pasture interactions in experimental sites 
were missed at that stage. Therefore, there is still 
lack of scientifi c information on pasture yield 
and management of silvopastoral system over the 
complete productive cycle of silvopastoral sys-
tems, particularly underneath fast growing tree 
species such as  Eucalyptus  sp. and  Pinus  sp. 

 The next step in silvopastoral research in 
southern Brazil was the investigation of the 
changes on pasture morphology, physiology, and 
nutritive value in response to shading, from the 
early 2000s (Barro et al.  2008 ; Soares et al. 
 2009 ). More recently, important scientifi c 
advances have been made in understanding the 
mechanisms of pasture adaptation and tolerance 
to shading from research groups in southern 
Brazil (Varella et al.  2011 ; Barro et al.  2012 ; 
Pontes et al.  2014 ; Baldissera et al.  2014 ). For 
instance, Pontes et al. ( 2014 ) and Baldissera et al. 
( 2014 ) showed the relationship between soil N 
supply, plant height and light interception of six 
perennial tropical forages under trees, leading to 
important management practices of pasture 
intensity for silvopastoral systems. In addition, 
Barro et al. ( 2012 ) showed the N nutrition dynam-
ics and forage yield of four important forages 
from southern grasslands in Brazil under shading 
and potential to use them in silvopastoral sys-
tems. This meant an extra step to better establish 
and manage pastures underneath trees and conse-

10 Silvopastoral Systems in the Cold Zone of Brazil



238

quently, increase pasture productivity and quality 
in integrated systems. 

 The preliminary results indicated that more 
conservative management of pasture under shade 
has greater chances of success (longevity, yield, 
and quality) (Baldissera  2014 ). Overall, the man-
agement of understory pastures requires continu-
ous investigation on silvopastoral systems in 
order to generate growth models as a function of 
available solar radiation and management 
applied. This would support pasture and grazing 
management decisions by farmers as trees 
develop in the system. 

10.2.1     Overview of Forage Research 
in Shaded Environments 

 Grazing management can be established by con-
trolling the frequency and intensity of defoliation 
(Pedreira et al.  2007 ). The combination of these 
variables greatly affects the structure of the pas-
ture canopy (Da Trindade et al.  2007 ), which are 
also infl uenced by shading. However, only 
recently basic investigations concerning the 
infl uence of grazing management on shaded pas-
tures and morphophysiological changes have 
been conducted in southern Brazil. 

 In agroforestry systems, grazing management 
should explore the phenotypic plasticity of for-
age species under shade. Scientists have recom-
mended that forages under shade should be 
managed in order to maintain more residual leaf 
area or post-grazing heights greater than those in 
full sun. However, further studies on frequency 
and intensity of grazing pastures are required in 
silvopastoral systems, along with studies of 
 pasture nutrient and water effi ciencies in order to 
develop better pasture management strategies. 

 The interception of photosynthetically active 
radiation (iPAR) by the pasture canopy is the 
main variable used for determining the optimal 
timing for grazing defoliation (Silva and Carvalho 
 2005 ). In full sunlight, 95 % light interception by 
the pasture canopy results in optimum growth 
(Silva and Carvalho  2005 ; Da Trindade et al. 
 2007 ). Thus, consistent relationships between 

sward height on pre-grazing and iPAR by the 
canopy has being determined for several forage 
species in full sun (e.g. Zanini et al.  2012 ; Amaral 
et al.  2013 ), but rarely under shaded conditions. 
Finally, it has been pointed that this relationship 
may be different in silvopastoral systems than in 
open pastures as canopy photosynthesis decreases 
rapidly under shade and less carbon reserves are 
stored in roots (Barro et al.  2012 ; Varella et al. 
2012). Therefore, more research also needs to be 
conducted to determine the optimum light inter-
ception point by pasture canopies under shade for 
cutting or grazing.  

10.2.2     Perennial C 4  Forages 

 The adaptation of perennial forages to different 
levels of shading has been a target of many stud-
ies in Brazil for at least 20 years (e.g. Schreiner 
 1987 ). In the cold regions of the subtropics, tropi-
cal perennial forages stop growing during autumn 
and winter seasons and, eventually, susceptible 
genotypes are unable to survive over the frosty 
period in southern Brazil. The silvopastoral inte-
gration allows obtaining productive perennial C 4  
pastures all year by minimizing climate extremes 
under the trees (Lucas  2004 ; Sartor et al.  2006 ; 
Kirchner et al.  2010 ). Even in the coldest areas of 
southern Brazil, where severe frosts are frequent 
from April to August, tropical pastures such as 
 Brachiaria  spp.,  Panicum  spp. and  Cynodon  spp. 
can remain green and productive for longer peri-
ods under trees than they would tolerate in an 
open area (Fig.  10.3 ) and this represents an 
extraordinary feeding resource for cattle and 
sheep during extreme weather on farms.

   Several studies have shown the potential yield 
of tropical forages under moderate shade in 
southern Brazil (Table  10.1 ). Research has shown 
the best growth responses, morphological and 
physiological adaptation and nutritive value of C 4  
grasses under moderate shade (up to 40–50 % 
shading). In some cases, the shading effect may 
be very benefi cial, resulting in higher dry matter 
yields compared to open pastures, especially in 
soil water and nitrogen defi cit conditions, 
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depending on tree density and type of soil. For 
example, recent studies have shown the unique 
response of  Paspalum regnellii  (Table  10.1 ), 
highlighting its potential yield under severe shad-
ing (up to 80 % shade) and the improvement of 
forage nitrogen content (Barro et al.  2012 ). As 
shown in Table  10.1 , the study of C 4  perennial 
forages under shade is highlighted in southern 
Brazil because of the potential of early produc-
tion in spring after the second year of establish-
ment and high growth rates in summer when 
native and annual pastures are usually water 
stressed. Also, perennials are preferred by farm-
ers over annual pastures for silvopastoral systems 
as the process of germination and emergence are 
diffi cult in shaded environments and pasture pro-
duction costs are higher (Varella et al.  2011 ).

   In addition to  P. regnellii , other native grasses 
from Pampa and Atlantic Forest Biomes have 
shown potential for use in shaded environments. 
These species were initially identifi ed at the tran-
sitional area between native forests and grass-
lands of southern Brazil, such as  P. regnellii  
(Barro et al.  2012 ),  Axonopus catharinensis  
(Soares et al.  2009 ; Barro et al.  2008 ) as well as 
forage species from open sites which showed 
high plasticity under shade, such as  Paspalum 
notatum  (Soares et al.  2009 ),  P. dilatatum  (Barro 
et al.  2012 ) and  Arachis pintoi  (Barro et al.  2014 ). 
However, further research advances with these 

perennial native forages, particularly evaluation 
under grazing, have faced diffi culties because of 
the lack of seed of commercial cultivars in the 
market. Research institutions are putting great 
efforts into getting registration of these native 
forage cultivars by the Brazilian Ministry of 
Agriculture, Livestock and Food Supply and to 
establish seed fi elds of these cultivars to enable 
farmers to increase silvopastoral systems based 
on C 4  pastures.  

10.2.3     Annual and Perennial C 3  
Forages Adapted to Shade 

 Besides the perennial C 4  grasses, the animal pro-
duction systems in southern Brazil are character-
ized by the cultivation of winter forage grasses. 
The most commonly grown pasture species used 
are annual ryegrass (Silva et al.  1998 ; Barro 
et al.  2008 ; Kirchner et al.  2010 ), forage oats- 
(Deiss et al.  2014 ) and the dual purpose cereals 
(wheat, barley, triticale and oats). Currently, 
these species are objects of research in various 
institutions (Table  10.2 ), in different production 
systems, with or without the presence of trees 
and with the possibility of being used in rota-
tional systems, particularly with cash crops (soy-
bean and maize) over the summer or composing 
an agroforestry system.

  Fig. 10.3    Experiment evaluation of  Panicum maximum  
under  Eucalyptus  spp. ( left side ) and in full sun ( right 
side ) at FEPAGRO Unit in Rio Grande do Sul. Photos 

were taken at the same moment after a severe frosting 
event on September, 12th 2003 (Images from J. C. Saibro)       
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   For this group of pastures, Porfi rio-da-Silva 
( 2012 ) found a decrease in forage yield in silvo-
pastoral systems compared to full sun. For 
instance, the winter pastures  Avena strigosa  and 
 A. sativa  intercropped with  Lolium multifl orum  
were evaluated in two integrated systems: with 
and without the presence of trees. Forage yield in 
full sun averaged 2524 kg DM ha −1  and was 
higher than under shade which yielded 2210 kg 
DM ha −1 . However, beef cattle liveweight gains 
were similar between the treatments, ranging 
from 0.55 to 1.10 kg LW day −1 . In addition, 
Kirchner et al. ( 2010 ) reported yields of several 
winter forages varying from 38 to 48 % under 
15 × 3 m  Pinus taeda  system (30 % shade) and 
from 8 to 27 % under 9 × 3 m (60 % shading) 
compared to open pastures in Santa Catarina 
State. Likewise, annual ryegrass performance 
was highlighted in this study, yielding 3478 kg 
DM ha −1  and showing 18 % of total crude protein 
under the 15 × 3 m system. 

 The responses of C 3  legumes on DM yield and 
nutritive value are individual and dependent on 
their agronomic performance under shade. 
Results as to the quantitative and qualitative per-
formance of winter forage legumes in single or 
mixture pastures and under different shading lev-
els were obtained in the subtropics (Table  10.2 ). 
For example, white clover ( Trifolium repens ) and 
birdsfoot trefoil ( Lotus corniculatus ) yields were 
similar under 15 × 3 m  Pinus taeda  system (mod-
erate shading) compared to full sunlight (Barro 
et al.  2006 ) growing on a sandy soil of the coastal 
area in Rio Grande do Sul State. In a different 
experimental site, Sartor et al. ( 2006 ) reported 
that birdsfoot trefoil yielded 2844 and 2669 kg 
DM ha −1  under the 15 × 3 m and 9 × 3 m  Pinus 
taeda  system, respectively, whereas in an open 
pasture yielded 8121 kg DM ha −1  on clay soil of 
Santa Catarina State. In sequence at the same 
experimental site, Kirchner et al. ( 2010 ) showed 
that the annual legume forage  Vicia villosa  
yielded 2300 kg DM ha −1  under intermediate 
shade (15 × 3 m) and 1292 kg DM ha −1  under the 
heavy shade (9 × 3 m) compared to 4771 kg DM 
ha −1  in full sun. In artifi cial shade conditions, 
Barro et al. ( 2010 ) reported that  Arachis pintoi  
yield was affected by intense shade (80 %), but 

still showed potential to increase nutritive value 
of natural grass-legume mixtures under interme-
diate (50 %) shade level. Under intense shading 
(80 %),  Arachis pintoi  showed a decrease of 40 % 
in dry matter yield compared to full sun. However, 
under moderate shading (50 %), this legume per-
formance was not affected (Table  10.2 ). 

 The performance of forage legumes at differ-
ent levels of radiation has shown that these are 
usually less shade tolerant than grasses (Watson 
et al.  1984 ; Barro et al.  2012 ), although this is not 
necessarily a rule (Johnson et al.  2002 ) and may 
change under soil nitrogen stress. The large, pro-
ductive and reproductive success of forage 
legumes in agroforestry depends on their ability 
to adapt to decreasing levels of light with tree 
canopy closure with advancing age (Balocchi and 
Phillips  1997 ). Physiologically, the forage 
legumes operate as C3 plants, and could poten-
tially support shading at intermediate levels. 
However, quite different responses have occurred 
with regard to the agronomic performance of for-
age legumes under shade. There is still inade-
quate scientifi c information regarding the 
performance of legumes under shade in subtropi-
cal environments of Brazil (Varella et al.  2009 ).   

10.3     Potential of Trees 
for Silvopastoral Systems 
in Southern Brazil 

 The trees most commonly used in silvopastoral 
systems in cold regions of Brazil are species 
adapted to climate and soil conditions of the 
region, with relatively rapid growth rate (about 
2 m high per year) and with great value of the 
wood in the market (Table  10.3 ). Historically the 
integration of beef cattle with forests date from 
the mid-eighteenth century (Chang  1985 ), known 
as traditional “faxinais” systems, mainly estab-
lished in the area of occurrence of Araucaria 
native forests ( Araucaria angustifolia ). The fi rst 
studies of silvopastoral systems in the Brazilian 
subtropics sought to utilize livestock as a second-
ary component of the system. Cattle were intro-
duced in conventional tree plantations as a 
strategy to improve cash fl ow in the early years of 

A.C. Varella et al.
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forest cultivation, besides getting the benefi ts of 
controlling the development of unwanted plants 
in the understory and reducing the risks of fi re 
inside the forest (Baggio and Schreiner  1988 ; 
Schreiner  1994 ; Varella and Saibro  1999 ; Silva 
et al.  2001 ).

   Although there is potential for use of many 
other tree species,  Eucalyptus  spp. is the most 
commonly planted one in cold regions of Brazil, 
followed by  Grevillea robusta  (Martins et al. 
 2015 ),  Acacia mearsii , and subtropical Pinus spp. 
The genus Eucalyptus is important for Brazil 
because of the raw material for pulp production, 
coal, wood, panels, posts, poles, sawn timber, 
furniture, packaging and other commercial uses. 
This tree species and its different cultivars are 
well adapted to southern Brazil conditions and 
can compose silvopastoral systems in almost all 
territories. In Zones 1 and 2 (Fig.  10.2 ), success-
ful plantings have been carried out with hybrids 
between  Eucalyptus grandis  x  E. urophylla ; 
especially in the western portions of these zones, 
where frequent droughts can also occur during 
the summer and autumn seasons. Because of the 
rapid growth of these hybrids during the fi rst 
spring and summer seasons, plants can tolerate 
the cold temperatures in the fi rst winter period.  E. 
grandis  has been planted successfully in the 
southern portions of Zone 2 and north- northwest 
of Zone 3 (Higa and Wrege  2010 ), except on the 
coastal area where the species may be affected by 

various diseases caused by high relative humidity 
(Alfenas et al.  1983 ). The  Corymbia citriodora  
and  C. camaldulensis  species has also been 
observed in silvopastoral systems across Zone 2, 
except at the coastal area where the tree-pasture 
systems are rare. The  E. benthamii  and  E. dunnii  
are more tolerant to low temperatures and this is 
the main reason for them to be widely planted in 
silvopastoral systems of Zone 3.  E. benthamii  is 
the most tolerant species to frosts among all spe-
cies of Eucalyptus sp. (Jovanovic and Booth 
 2002 ; Paludzyszyn Filho and Santos  2013 ) and 
has been planted in Zone 4.  E. saligna  also has 
been planted in integrated systems in this area 
(Silva  1998 ; Varella  1997 ). In addition to  E. ben-
thamii , subtropical species of pine ( Pinus elliottii  
and  P. taeda ) have also been used for silvopasto-
ral systems in Zone 4. These pines have also been 
planted in Zone 3 of southern Brazil. 

 In Brazil, soil and water conservation is a pri-
ority when planning the introduction of trees into 
pastures. This means that the orientation of the 
tree rows during system establishment must be a 
priority in order to promote soil and water con-
servation. Observation of the apparent path of the 
sun in the sky to orient the arrangement of tree 
rows is secondary to consideration of soil and 
water conservation issues. The solar energy that 
reaches the land in cold zones of Brazil is high, 
ranging from 4 to 6 kW.hm −2  (Ceballos and 
Bottino  2006 ). The region where the incidence of 

    Table 10.3    Predominant tree species applied in silvopas-
toral systems in cold zones of Brazil   

 Number of 
frost events 

 Tree species or hybrids used in silvipastoral 
systems  Tree species tested in experimental studies 

 0–1   Eucalyptus urophylla ;  E. urophylla x E. grandis ; 
 Corymbia citriodora ;  C. camaldulensis ; 

 Tropical Pinus (Gutmanis  2004 ) 

 Native species (Melotto et al.  2009 ; 
Nicodemo et al.  2010 ) 

 0–5   E. grandis ;  E. urophylla x  E. grandis ; C. citriodora ; 
 C. camaldulensis ;  Grevillea robusta ; 

 Native species (Melotto et al.  2009 ; 
Nicodemo et al.  2010 ) 

  Kaya ivorensis  e  Toona ciliata  (Porfírio-da- 
Silva et al. unpublished data) 

  Leucaena  spp. (Sampaio et al.  2009 ) 

 ≥5   E. dunnii ;  E. benthamii ;  Acacia mearsii ; E. grandis ; 
 E. saligna ;  Grevillea robusta ;  Araucaria angustifolia  

 Native species (Radomski and Ribaski 
 2010 ; Porfírio-da-Silva et al.  2012 ) 

  Populus  spp. (Otto et al.  2009 ) 

  Pinus elliotti  (Ribaski et al.  2005 ) 

 ≥20   E. benthamii ;  Pinnus taeda ;  P. elliottii ;  Araucaria 
angustifolia  

  Pinus taeda  (Soares et al.  2009 ) 

10 Silvopastoral Systems in the Cold Zone of Brazil
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solar radiation is lowest (4.5 kW.hm −2 ) partially 
coincides with Zone 4 in Fig.  10.2 , and it is dis-
tributed along to the coastline and nearby Itajai 
River valley, and this fact has been associated 
with increasing cloudiness in these regions. 

 The spatial arrangement of trees is critical for 
the success of a silvopastoral system. 
Establishment is facilitated by proper spatial dis-
tribution of trees in the fi eld and this should aim 
to promote soil and water conservation, favor the 
transit of machines and benefi t ruminants’ ther-
mal comfort. According to several experiences in 
Brazil (Table  10.4 ), the most effective arrange-
ment is the alleys, where trees are planted in 
strips (single or multiple rows) with wide spacing 
between strips. This basic arrangement can also 
be adjusted according to the commercial use of 
wood (Porfi rio-da-Silva et al.  2009 ). For the tree 
component, there basically are two primary con-
siderations in a silvopastoral system: (i) produc-
tion of a great volume of fi ne wood (fi rewood, 
charcoal, stanchions, podiums, etc.) in the initial 
part of the trees rotation (i.e. about 6 years for 
Eucalyptus sp.). In this case, establishment 
should use the highest number of trees per area 
possible without limiting understory growth, usu-
ally between 600 and 1000 trees per hectare; and 
(ii) production of thick wood (for sawmill, roll-
ing, etc.) in the fi nal part of trees rotation (over 10 
years old, depending on species and site) by 
planting few trees per area, i.e. about 250 trees 
per hectare. The different arrangements may be 
planted more closely spaced and managed by 
thinning trees over the development period to 
produce wood for different purposes (thin wood 
in the early years of the silvopastoral system and 
timber in the fi nal years of the rotation).

   In cold zones of Brazil, silvopastoral systems 
are commercially oriented and the predominant 

tree species used are grown to produce wood 
products (Table  10.3 ). The productivity and the 
quality of tree products in silvopastoral systems 
depends on the genetics involved (trees, forage 
crops, and livestock), the quality of the site (cli-
mate and soil), the spatial arrangement of trees, 
and management practices applied on arboreal, 
forage and animal components. Few studies have 
analyzed the productivity and quality of tree 
components in silvopastoral systems compared 
to conventional plantations in southern Brazil. 
For example, a 4 year silvopastoral system initi-
ated with the goal of producing wood logs at 424 
trees ha −1  showed mean annual increment of 
33.2 m 3  ha −1  year −1 , whereas for the clone  E. uro-
phylla  ×  E. grandis  on a monoculture at 1111 
trees ha −1  was 43.5 m 3  ha −1  year −1 . In terms of bio-
mass produced in the system at 1111 trees ha −1  
was the most productive. However, the volume 
per tree at 424 trees ha −1  was the greatest at 
0.313 m 3  per tree, whereas at 1111 trees ha −1  vol-
ume reached only 0.156 m 3  per tree (Medeiros, 
unpublished data).  

10.4     Animal Performance 
and Behaviour under Trees 

 The use of grazing animals in commercial forests 
must be planned taking into account that these 
activities require distinct management strategies. 
These integrated systems aim to improve produc-
tion per unit area, whereas respecting the princi-
ple of sustained yield, maintaining the productive 
potential of renewable natural resources, and 
social and economic conditions of the local com-
munity (Silva and Saibro  1998 ). However, within 
a systemic view, the animal component demands 
attention because the positive interaction between 

   Table 10.4    Regular tree spacing and arrangement applied in silvopastoral systems in southern Brazil   

 Thin wood (charcoal, fi rewood, fence posts)  Logs (timber) 

 Tree arrangement 
 Tree spacing 
(m) 

 Trees per 
ha a  

 % Area occupied 
per row 

 Tree spacing 
(m) 

 Trees per 
ha a  

 % Area occupied 
per row 

 Single row  14 × 2  357  14  14 × 4  179  14 

 Single row  14 × 2  357  14  28 × 4  89  7 

 Double row  14 × 2 × 3  417  25  18 × 3  185  11 

 Triple row  14 × 3 × 1.5  1000  40  20 × 3  167  10 

   a Tree mortality was not included over the time (Adapted from Porfírio-da-Silva et al.  2009 )  
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tree-animal-pasture in a silvopastoral system is 
driven by correct decisions with regard to stock-
ing rate or grazing intensity and this is related to 
carrying capacity of understory pastures, as well 
as grazing behavior. 

10.4.1     Animal Behavior 
and Performance 
under Eucalypt-Pasture 
Systems 

 The fi rst study of animal performance in a silvo-
pastoral system with eucalyptus in Rio Grande 
do Sul State was conducted in an area of 180 ha 
and tree spatial arrangement of 2 × 3 m. From 
June 1992 to March 1993 a test with 87 zebu 
heifers, up to 2 years old and average liveweight 
of 221 kg was conducted during which the ani-
mals were rotationally grazed. The animals 
gained 0.567 kg per day with a gain per area of 
12.55 kg ha −1  (Silva et al.  1993 ). The total global 
radiation at the ground level inside the system 
ranged from 18 % in summer to 22 % in winter, 
compared to full sunlight (Ferreira et al.  1993 ). 
The forest allowed better environment for animal 
welfare, because, as compared to open pasture, 
temperature was warmer in winter and cooler in 
summer (Krause et al.  1993 ). 

 In another study, the impact of cattle and 
sheep grazing during the establishment phase of 
an  Eucalyptus saligna  forest with different tree 
densities was evaluated (204, 400 and 816 trees 
ha −1 ) in the Central area of Rio Grande do Sul 
(Varella  1997 ; Varella and Saibro  1999 ). The 
authors concluded that the damage caused by 
cattle and sheep to trees was severe when tree 
height was less than 182 cm for weaned calves 
and 154 cm for lambs. Therefore, grazing could 
start at 6–7 months of eucalypt age in this region. 
This study also showed that cattle frequently 
caused damage by chewing leaves and tips of lat-
eral or apical branches, trampling seedlings, and 
by rubbing or scratching seedlings. The previous 
experience of the animals to graze under these 
systems and the availability and quality of under-
story pasture also affected the extent of damage 
to seedlings. The authors concluded that animals 

could work as effi cient biological tools to control 
herbaceous competition to seedlings at the estab-
lishment phase and this would be more economi-
cal than the use of pre and post emergent 
herbicides, in addition to reducing the risks of 
fi re inside the forest. In a subsequent study, the 
impact of grazing on the growth of  Eucalyptus 
saligna  over the establishment phase was evalu-
ated. Fucks ( 1999 ) showed that sheep grazing 
grassland under trees with an offer of 10 % (i.e. 
10 kg of DM per 100 kg LW per day) resulted in 
signifi cant increase in tree height and diameter at 
breast height (DBH) and this produced a greater 
volumetric increment rate and better quality of 
forest product at the three eucalypt densities. 
These results showed a benefi t of animal pres-
ence and positive effects on tree development due 
to a decrease of understory herbaceous 
competition. 

 In the central area of Rio Grande do Sul, Silva 
et al. ( 1998 ) studied the effects of three grazing 
intensities (forage allowance of 6 %, 9 % and 
13 % i.e. 6, 9 and 13 kg of pasture dry matter per 
100 kg LW per day) and two eucalypt densities 
(1666 and 833 trees ha −1 ) on animal behavior and 
performance (Fig.  10.4 ). This experimental site 
consisted of  Eucalyptus saligna  and annual rye-
grass ( Lolium multifl orum  L.) + arrowleaf clover 
( Trifolium vesiculosum  Savi cv. Yuchi) over-
seeded on native pasture. Continuous grazing 
with steers started when trees were at an average 
of 2.30 m height (9 months old) and stocking 
rates were adjusted monthly according to forage 
supply. The author reported that survival and 
growth of trees (tree height and diameter) were 
not affected by stocking at all grazing intensities 
and tree densities. Only 4.4 % of trees were dam-
aged by steers, but without affecting further tree 
growth. It was shown that grazing management 
in silvopastoral systems, without limiting forage 
intake and quality of available forage, resulted in 
good animal performance and tree development. 
In addition, the mean daily gain (MDG) of steers 
was represented by a linear model, whereas the 
mean gain per area (MGA) was a curvilinear 
relation under 1666 trees ha −1  (Fig.  10.4a ). Under 
the 833 trees ha −1 , both MDG and MGA were fi t-
ted by curvilinear models (Fig.  10.4b ). Silva 
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  Fig. 10.4    Relationship 
between mean daily gain 
( MDG ) and mean gain per area 
( MGA ) with pasture allowance 
(kg DM per 100 kg liveweight) 
under 1666 (5a) and 833 (5b) 
eucalypt trees per hectare and 
respective stocking rates (5c) in 
a silvopastoral system with 
eucalypt, annual ryegrass and 
arrowleaf clover ( Trifolium 
vesiculosum ). Data are average 
of three replicates collected 
from 6th September and 9th 
November 1995 at UFRGS       
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( 1998 ) concluded that gain per animal in a silvo-
pastoral system increased with forage supply. 
The gain per area decreased at the lowest pasture 
allowance because of reduced individual perfor-
mance by animals. Above 11 % of pasture allow-
ance, MGA was also reduced due to low stocking 
rates (Fig.  10.4c ). At intermediate stocking rate 
the optimum animal LWG per head and per area 
were obtained. For instance, the animal 
 performance was about 220 kg LWG per ha at 10 
% of herbage allowance during the fi rst grazing 
period (i.e. 64 grazing days) under 833 trees ha −1 . 
In contrast, under 1666 trees ha −1 , animal perfor-
mance was 161 kg LWG per ha at the same graz-
ing intensity level. The best animal performance 
obtained in 2 years of experiment time was 
455 kg LWG per ha under 833 trees ha −1  with 
stocking rates adjusted to 10 % of pasture allow-
ance. This performance was 108 % higher than 
under 1666 trees ha −1 , showing the importance of 
low densities to get best results in silvopastoral 
systems. As a reference, average animal produc-
tion on open native pastures is about 70 kg LWG 
per ha per year at the same location in southern 
Brazil (Maraschin  1998 ). Under the lowest tree 
population, animal production was 30 % greater 
than the highest tree population in the fi rst year 
after tree establishment and this result doubled 
by the second year of the experiment. In addition, 
grazing was interrupted under 1666 trees ha −1  at 
tree age of 1.5 years, mainly due to strong shad-
ing to understory pasture (Silva et al.  1996 ). The 
conclusion of this study was that optimum pas-
ture allowance in a silvopastoral system ranged 
from 9 to 11.5 % (Silva et al.  2011 ), whereas in 
open grasslands of southern Brazil, ranges 
between 9.5 and 12 % have been reported 
(Moraes et al.  1995 ; Maraschin  1998 ).

10.4.2        Animal Behavior 
and Performance under Black 
Wattle-Pasture Systems 

 The fi rst study involving cattle grazing under 
black wattle was conducted in a commercial for-
est at 2 years old during winter period in Rio 
Grande do Sul State in 1992. The conclusions of 
this work were: (i) beef cattle were well adapted 
under the Acacia forest and were harmless to 
trees when stocking rates were controlled at 
intermediate levels; (ii) the integration of forestry 
and cattle grazing was profi table, showing a 
mean gross margin of 6.28 %; (iii) the costs of 
maintaining the forest and livestock are mini-
mized by sharing infrastructure and human 
resources. 

 In 1995, a long-term experiment was estab-
lished by the Rio Grande do Sul State Foundation 
for Agricultural Research (FEPAGRO) in col-
laboration with UFRGS and a private forestry 
company. This study was located in Tupanciretã 
(RS) with the aim to evaluate the interactions at 
soil-plant-animal-microclimate interface in a sil-
vopastoral system with two populations of  Acacia 
mearnsii  and three understory C 4  pastures: 
 Brachiaria brizantha ,  Panicum maximum  cv. 
Gatton, and grassland infested by Annoni grass 
( Eragrostis plana ), an undesirable weedy spe-
cies. Beef cattle grazed pastures continuously 
with stocking adjustments to maintain pasture 
allowance between 10 and 12 %. The results 
showed 66 kg LWG per ha grazing on  P. maxi-
mum  and 33 kg LWG grazing on  B. brizantha  
pastures during 63 days in winter under a 2 × 3 m 
 Acacia mearnsii  forest. In contrast, mean gain 
per ha increased to 75 and 60 kg grazing  P. maxi-
mum  and  B. brizantha , respectively, under a 

   Table 10.5    Average daily gain (LWG) per animal and per hectare and stocking rate in silvopastoral systems with black 
wattle and perennial C 4  pastures grazed for 63 days in the winter   

 Understory 
pasture 

 Tree density 

 1667 trees ha −1  (2 × 3 m)  1000 trees ha −1  (2 × 5 m) 

 Kg LWG (per day)  Kg LWG (per ha)  Heads/ha  Kg LWG (per day)  Kg LWG (per ha)  Heads/ha 

  P. maximum   0.536  66  2.2  0.627  75  2.6 

  B. brizantha   0.750  33  1.6  0.726  60  2.8 

  Data are averages of two replicates. FEPAGRO experimental site in Tupanciretã/RS (Castilhos et al.  1999 )  
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2 × 5 m Acacia forest (Table  10.5 ). These systems 
proved to be effi cient during the winter season 
when beef cattle usually lose LW in open grass-
lands of southern Brazil. Over summer, animal 
performance under trees increased to 169 and 
195 kg LWG per ha under the 2 × 5 m Acacia for-
est grazing  P. maximum  and  B. brizantha , respec-
tively (Table  10.6 ). The authors concluded that 
the silvopastoral systems with black wattle were 
sustainable, showing potential increase in animal 
production and income, particularly at low tree 
densities, for beef farms in Rio Grande do Sul.

    At year 6 in this study, both tree densities were 
thinned to 50 % of the original population and  B. 
brizantha  and  E. plana  pastures were replaced by 
 Panicum maximum  cv. Aruana and  Digitaria 
diversinervis , respectively, in the experimental 
plots. At this stage, Castilhos et al. ( 2009 ) 
reported that black wattle showed similar volume 
production (m 3  ha −1 ) with or without grazing at 7 
years after planting. For instance, Castilhos et al. 
( 2009 ) showed that the volume of wood produced 
at this experimental site was 166, 143, 86 and 
51 m 3 ha −1  under the Acacia populations of 1667, 
1000, 833 and 500 trees ha −1 , respectively. In 
addition, animal performance on  D. diversinervis  
showed the greatest daily liveweight gain of all 
pastures as a result of higher nutritive value com-
pared to  P. maximum . However, this C 4  pasture 
provided the lowest grazing-days as a result of a 
remarkable decrease in pasture yield during the 
water stress period occurred in summer. 
According to the authors, this result explained 
the lowest liveweight gain per area and carrying 
capacity of  D. diversinervis  of all pastures under 
trees. In contrast, both  P. maximum  cultivars 
showed greater carrying capacities and gains per 
hectare compared to  D. diversinervis  (Table 
 10.7 ). The conclusion of this study was that sil-
vopastoral systems using populations of  Acacia 
mearnsii  lower than 833 trees ha −1  compromised 
wood production, whereas increased animal per-
formance grazing underneath C 4  pastures. From 
this work, it was also shown that Annoni Grass 
( E. plana ) was shade intolerant. Several authors 
report Annoni Grass as the main weed that 
degrades southern Brazil rangelands and occupy 
about 20 % of the total area. Therefore, the tree- 

pasture systems become a sustainable alternative 
to recover those infested areas by using shade tol-
erant pastures combined to trees.

   Finally, there is still a lack of scientifi c infor-
mation on grazing behavior and animal welfare 
measured under silvopastoral systems. In the 
cold subtropical area of Brazil, livestock face 
extreme temperatures in winter and summer. 
Tree protection combined with accumulated for-
age may be strategic for sheep, dairy and beef 
farms which usually lose production at these 
stages. In the near future, this information may be 
available because a recent long term experimen-
tal site has been initiated at EMBRAPA South 
Livestock aiming to recover degraded grasslands 
by Annoni Grass and to evaluate thermal comfort 
of Brangus (Angus × Nelore cattle breed) at criti-
cal climate periods under silvopastoral systems.  

10.4.3     Animal Behavior 
and Performance under Mixed 
Tree Crop-Livestock System 

 In southern Brazil, integration of trees, crops, and 
livestock in rotational systems are still unusual. 
Experiences have been applied by forestry com-
panies and farmers more recently. This usually 
involves rotational systems between annual crops 
(maize, soybean, Sorghum spp., winter cereals), 
annual fruits (watermelon, melon, pumpkin) and 
pastures under spaced eucalypt plantations 
(Balbino et al.  2011 ; De Melo  2012 ). Likewise, 
experiments on mixed tree-crop-livestock sys-
tems have become frequent in scientifi c institu-
tions of southern Brazil. For instance, an 
experiment with crop-livestock-forestry integra-
tion, using a mixture of tree species and winter 
pastures has been conducted since 2006 in Parana 
State. The tree components were  Eucalyptus dun-
nii ,  Schinus terebinthifolius  and  Grevillea robusta  
and this was implemented in the Model Farm 
Station of IAPAR (Porfírio-da-Silva  2012 ). The 
trees were planted in an alternate arrangement 
within the row. The spatial arrangement was sim-
ple rows, with spacing of 14 m × 3 m, allocated 
across the predominant direction of the slope due 
to soil conservation issues. Since tree establish-
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ment, the underneath area has been managed 
with corn and soybeans for grain production in 
summer and under a no till system. In winter, a 
mixture of black oats and annual ryegrass pas-
tures ( Avena strigosa  and  Lolium multifl orum ) 
has been sown in sequence to summer crops. This 
experiment evaluated two levels nitrogen fertil-
ization (90 kg ha −1  and 180 kg ha −1  N) on under-
story pasture. In this agroforestry system, grazing 
started at 41 months of trees age. At this stage the 
author reported that all tree species received 
damage by cattle, but severity was great only on 
 S. terebinthifolius , therefore this tree species was 
considered unsuitable for integration systems 
(Porfi rio-da-Silva et al.  2012 ). When trees were 
29 months old, corn yield was similar under the 
three systems, with a mean grain production of 
4.1 ± 0.3 ton ha −1  and mean increment of wood 
production was 1.03 m 3  per hectare over the corn 
cycle. In addition, the productivity of a soybean 
crop under trees at 56 months of age was 3.7 ton 
grain ha −1  or 19 % less than in crop-livestock 
integration conducted in an adjacent area, 
whereas the increase in wood production was 
6.6 m 3  ha −1  over this crop cycle. The mean pas-
ture DM yield was 2210.3 kg ha −1  and the mean 
daily gain of steers was 0.86 ± 0.31 kg ha −1  day −1  
or 440.6 ± 75.9 kg ha −1  over the two grazing 
cycles (Porfi rio-da-Silva  2012 ). The author 
observed that fertilization of winter pastures 
combined with the maintenance of a residual pas-
ture height of 20 cm was essential for cattle pro-
duction and strategic for no till management of 
summer crops.   

10.5     Challenges for Research, 
Development 
and Technology Transfer 
on Silvopastoral Systems 

 Silvopastoral systems are dynamic and complex, 
particularly when considering the multiple inter-
actions between trees, pasture and livestock in 
time and space (Balbino et al.  2011 ). The experi-
ence of implementation of integrated crop- 
livestock- forest systems in the last 25 years 
indicates the need for new and adapted models of 
production, technical assistance and rural exten-
sion for assuring the sustainability of Brazilian 
agriculture. To achieve that, it is important that 
research institutions conduct long-term experi-
ments to investigate and transfer technologies to 
farmers and technicians continuously. Therefore, 
it is imperative that institutions develop joint pro-
grams for Research and Development (R&D) and 
Technology Transfer in silvopastoral systems 
since trees establishment period to the harvest of 
forest products. In addition, it is also important to 
understand that public and private technical 
advice require more training and qualifi cation to 
manage these dynamic and sustainable systems. 

 In southern Brazil, the potential areas for sil-
vopastoral systems are usually the ones currently 
occupied with extensive beef cattle and sheep 
extensive systems. To increase interest in this 
type of integration, it is essential that R&D offer 
suitable models that match producer interests and 
needs of the region. In this respect, issues related 
to animal welfare, the strategic forage supply 

   Table 10.7    Average daily gain (ADG), Average gain per area (AGA), average daily gain per area (ADGA), grazing- 
days per hectare (GD) and real pasture allowance (PA) in silvopastoral systems with two populations of  Acacia mearnsii  
and three C 4  pastures   

 Pasture  ADG a   AGA a   ADGA a   GD a   PA 

 kg/hd  kg/ha  kg/ha/day  An.day/ha  kg DM/100 kg LW 

  P. maximum  cv. Gatton  0.738 a  337.6 a  3.13 a  445.5 a  13.9 a 

  P. maximum  cv. Aruana  0.799 a  328.2 a  3.04 a  406.3 a  11.9 a 

  D .  diversinervis   0.844 a  289.7 a  3.11 a  333.9 a  9.4 a 

 Mean  0.794  318.5  3.09  395.2  11.7 

  Pasture allowance was maintained at 12 % between 1st December 2003 and 18th March 2004. Data are averages of the 
two tree densities and replications. FEPAGRO experimental site at Tupanciretã/RS (Lucas  2004 ) 
  a Means followed by the same letter in the column do not differ signifi cantly by the F test at 5 % probability  
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during periods of extreme weather, and soil con-
servation should be highlighted in R&D 
 programs. Besides, the self-consumption of wood 
in rural properties for energy and constructions, 
as well as for direct sale may also attract live-
stock producers to adopt these integrated sys-
tems. Therefore, the following opportunities and 
challenges for research and technology transfer 
in silvopastoral systems in southern Brazil are:

•    To study new designs and spacing between 
trees for silvopastoral systems to allow mini-
mum radiation level of 50 % on understory 
plants throughout the tree cycle;  

•   To offer alternatives of perennial and annual 
forage species and mixtures tolerant to shade, 
as well as climate and soil conditions in south-
ern Brazil;  

•   To develop new forage cultivars adapted to 
shade;  

•   To quantify the benefi ts of shading for animal 
welfare (thermal comfort, performance and 
grazing behavior);  

•   To fi nd profi table alternatives for selling or 
processing of timber and other forestry prod-
ucts from low tree density systems;  

•   To develop genetic improvement of trees for 
integration systems, highlighting plant archi-
tecture, biological cycle and quality of har-
vesting product;  

•   To develop silvopastoral system models 
involving native trees and forage species to 
meet requirements of the Brazilian environ-
mental laws (legal reserves) on farms;  

•   To improve management of farms using silvo-
pastoral systems;  

•   To develop and implement new training pro-
grams for technical and extension staff for sil-
vopastoral systems on farms;  

•   To quantify environmental benefi ts provided 
by silvopastoral systems (carbon balance, mit-
igation of greenhouse gases, soil and water 
conservation);  

•   To develop soil nutrient tables to support 
annual fertilization decisions for tree-pasture 
systems;    

 Besides long term experimental areas and 
continuous research support from agencies, it is 

important that institutions invest in multidisci-
plinary teams, capable of responding to the 
opportunities and challenges mentioned. 
Important research institutions in southern Brazil, 
such as units of EMBRAPA, Federal Universities, 
and State Research Organizations should cooper-
ate to achieve these goals as quick as possible. A 
collaborative network of scientists, extension 
agents, and consultants should develop demon-
strative areas on farms for continuous training 
and technology transfer developed by research 
institutions. Currently, in southern Brazil, there is 
a reasonable physical structure available for 
national and international research institutions 
able to carry on long term and collaborative 
works on silvopastoral systems located at differ-
ent sites on this region, such as:

•     The silvopastoral system experimental site 
located at EMBRAPA South Livestock 
Systems (CPPSUL) : established in 2013 and 
located in Bagé, Rio Grande do Sul State, bor-
der area with Uruguay. It’s an area of 34 ha, 
containing three levels of radiation on the 
native pasture (full sun; 800 and 400 trees 
ha −1 ), subdivided into two management sys-
tems (an intensive system using improved pas-
ture with cool season forage species (annual 
ryegrass, red clover and birdsfoot trefoil) and 
a high fertility soil opposed to a conservative 
system using selective application of herbi-
cide and livestock rate control) with the aim to 
recover degraded native pasture infested by 
the Annoni Grass weed ( Eragrostis plana ). 
The  Eucalyptus grandis  trees were established 
in triple rows spaced 2 m between plants and 
3 m between rows. The spacing between the 
triple rows is 34 m or 14 m, resulting in a 
model of 3 × 2 × 34 m and 14 × 3 × 2 m.  

•   The e xperimental Farm Canguiri of the 
Federal University of Paraná (UFPR) : located 
in Pinhais City, State of Parana. This area uses 
different integration models in order to obtain 
results over the complete cycle of the system: 
(i) integrated crop-livestock-trees system; (ii) 
crop-livestock system; (iii) Livestock-trees 
system; (iv) Crop-tree system and (v) inte-
grated tree-pasture system. The trees were 
planted in single rows with  Eucalyptus 
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 benthamii  spaced 14 m between rows and 2 m 
within the rows at an initial density of about 
250 trees ha −1 . For comparative purposes, 
there is still a monoculture system (plantation) 
established with at 3 × 2.5 m, resulting in an 
initial density of 1333 trees ha −1  and a fi nal 
density of 800 ha −1 .  

•    The Model Farm of the Agronomic Institute 
of Paraná (IAPAR) : located in Ponta Grossa 
City in the South Central Region of the Paraná 
State. This experimental site has three major 
areas of study:(i) an experimental area for 
crop-livestock-tree system. It was established 
in 2006 with  E. dunnii ,  Schinus terebinthifo-
lius  and  Grevillea robusta  trees, planted in 
single rows and spaced at 14 × 3 m, resulting 
in 238 trees ha −1 . In 2013 the  S. terebinthifo-
lius  was removed from experimental area 
because leaves and branches were noticed to 
be palatable to grazing animals, therefore 
barking and chewing became limiting for the 
integration (Porfírio-da-Silva et al.  2012 ). The 
total area of the experiment comprises 10.9 ha 
and was splitted into six paddocks of crop- 
livestock integration and other six of tree- 
crop- livestock system. Over the cool season, 
the pasture areas between trees rows were 
sown with a mixture of forage oats and annual 
ryegrass for grazing, followed by soybeans 
and maize in summer; (ii) to make experi-
ments in plots with understory plants and 
between the double rows of  Eucalyptus dunni . 
It was established in 2007 in the density of 
330 trees ha −1  (21 × 4 × 3 m). After thinning in 
2011, the density decreased to 155 trees ha −1  
(Pontes et al.  2012 ).; (iii) to make experiments 
with different densities and spatial arrange-
ments of trees,  Eucalyptus benthamii  was 
established in 2008 in single, double and triple 
rows of trees. The spacing between rows is 21 
m, resulting in the following spatial arrange-
ments: 21 × 2 (single line); 21 × 2 × 3 (double 
line) and 21 × 2 × 3 (triple line).        
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for Silvopastoral Systems 
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Zones of South America                     
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and     Alexandre     Costa     Varella   

    Abstract  

  The aim of this chapter is to synthesize the features of silvopastoral system 
research and practices presented in the previous chapters. Also, based on 
the analysis of the various systems presented so far, there are recommen-
dations on future research and policy to promote silvopastoral systems in 
the region, and thus capitalize on the various opportunities and benefi ts 
that these productive systems provide.  

  Keywords  

  Animal component   •   Institutional structure   •   Policy guidelines   •   Productive 
silvopastoral systems   •   Tree component   •   Research   •   Undestorey 
component  

11.1         Overview 

 The current importance of silvopastoral systems in 
different regions of South America can be deter-
mined by the extent of silvopastoral practices in the 

fi eld and the amount of research that is carried out. 
This book contains information on different aspects 
(pasture, animal and tree production, carbon seques-
tration, conservation) of silvopastoral systems in 
native forests and tree plantations in southern South 
America (Argentina, Chile and Southern Brazil). 
Based on original research articles, case studies, 
and regional overviews, the book summarizes, for 
the fi rst time, the current state of knowledge on:

    1.    Highly productive systems in the humid 
Mesopotamia region (Misiones and Corrientes 
provinces in northeastern Argentina) (Chap.   2    )   

   2.    Lower Delta of the Paraná River with produc-
tion of poplar and willow for multiple uses 
(Chap.   3    )   

   3.    Indigenous forest of the western Chaco 
(Chap.   4    )   
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   4.    Development of silvopastoral systems based 
on ponderosa pine plantations established on 
natural grasslands in northwestern Patagonia 
(Chap.   5    )   

   5.    Southern Patagonia experiences with silvo-
pastoral systems in native  Nothofagus antarc-
tica  forests (Chap.   6    )   

   6.    Silvopastoral systems with  Acacia ,  Atriplex  
and  Prosopis  in arid and semiarid zones of 
Chile (Chap.   7    )   

   7.     Nothofagus obliqua - and  Pinus radiata -based 
silvopastoral systems in semiarid to humid 
zones of the Mediterranean region and silvopas-
toral systems with exotic species such as Cherry, 
Poplar, Stone pine and Walnut in Chile (Chap.   8    )   

   8.    Silvopastoral systems with introduced species 
such as  Pinus contorta ,  P. ponderosa  and 
 Pseudotsuga menziesii , and native  Nothofagus 
pumilio  and  N. antarctica  forests in the Aysén 
and Magallanes regions of Patagonia (Chap.   9    )   

   9.    Silvopastoral systems in southern Brazil that 
include a variety of C 3  and C 4  pastures (native 
and exotic), beef cattle, performance sheep 
and fast-growing trees species (Chap.   10    ).     

 There is a wide range of subtropical and tem-
perate silvopastoral systems that have been estab-
lished for a variety of purposes, using several 
species in different spatial and temporal confi gu-
rations. The main types of silvopastoral systems 
chosen by the authors to illustrate traditional 
practice and current research are summarized in 
Table  11.1 . This range of productive systems is a 
clear illustration of how farmers have integrated 
tree and pasture/grassland species in their land 
use systems to reach higher production per unit 
of land area, risk avoidance, product diversifi ca-
tion, and sustainability. Thus, silvopastoral sys-
tems practiced in the region provide multiple 
products (e.g., food, wood, fodder) and services 
(e.g., maintenance of soil fertility, control of ero-
sion, microclimate improvement, biodiversity 
enhancement, watershed protection, and carbon 
sequestration). Also, the range of conditions in 
southern South America (geography, climate, 
culture, and markets) has provided the basis for 
the different silvopastoral systems implemented 
in the region. The distribution of natural vegeta-
tion (rain forests, savannas, dry land ecosystems 

and cold temperate forests), which is largely 
determined by climate (mean annual tempera-
tures ranging from 5 to 20 °C, and rainfall rang-
ing from 200 to 2,000 mm), also infl uences the 
type of silvopastoral systems.

   In the Argentinean provinces of Corrientes 
and Misiones (Mesopotamia region), silvopasto-
ral systems with highly productive pine trees and 
C 4  grasses have mainly been adopted by cattle 
farmers as an alternative to diversity production 
and increase the profi tability as compared with 
traditional farming systems. Farmers have 
requested technologies for the establishment and 
management of silvopastoral systems in order to 
obtain a better timber quality, suitable forage 
resources and higher stocking rates. Scientists 
and land managers have studied these tree- 
pasture- animal synergies specifi cally on the 
effect of planting arrangements, planting densi-
ties, and tree combinations on the productivity of 
the forage and animal components; these research 
results have helped in enhancing the adoption of 
silvopastoral systems from small farmers to 
large-scale companies. 

 The high demand for beef production in the 
Delta region (Argentina) during the recent past 
has led to the need to move from the traditional 
plantation systems to more intensive silvopastoral 
systems that combine production of wood and 
cattle. Current research work on these riparian 
systems is very much concerned with the develop-
ment of technologies for the design of a forest- 
forage system that should lead to sustainable 
cattle-raising. The acquired knowledge now used 
to focus on the establishment of poplars and 
willow- based silvopastoral systems aiming at pro-
duction of high quality sawn wood, veneers and 
wood pulp, as well as biomass for bio-energy. 

 In the western Chaco region (Argentina), sil-
vopastoral systems in mixed native forests and 
degraded savannas are being designed to specifi -
cally address the problem associated to dense 
shrub thickets and overstocked secondary forests 
caused by livestock overgrazing, over logging, 
changes in the fi re regime and fencing (Kunst 
et al.  2006 ). This process known as “woody plant 
encroachment” has occurred in many parts of the 
world, especially in African savannas (Sankaran 
et al.  2005 ). Woody plant communities reduce 
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forage availability due to competition for 
resources (sunlight and water) and hinder live-
stock and personnel movements due to their high 
stem density and thorns. In this context, it is 
interesting to note that silvopastoral system in 
western Chaco are established using the mechan-
ical treatment called “low intensity roller- 
chopping” (RBI) based on a mechanical 
disturbance that improves the system productiv-
ity while biodiversity, soil properties and tree 
advance regeneration are preserved. 

 In northern Patagonia (Argentina) 82,000 ha 
have been afforested with exotic coniferous spe-
cies. In northern Neuquén, the province with the 
greatest forest development, smallholders who 
practice the traditional transhumance livestock 
based on “local criollo goat” use as much as 90 % 
of the land. However, in the south-central region, 
60 % of high forestry potential lands are found 
within large private landowners who are dedi-
cated to extensive cattle. Although pine forest 
plantations have shown to be a profi table and 
competitive activity compared to extensive live-
stock raising after 40 years of state promotion, 
only 10 % of the regional potential has been 
achieved. It comprises the cattle culture of the 
region, which in the last 10 years began to pro-
mote silvopastoral systems based on the conver-
sion of plantations initially established on natural 
grasslands in the forest-steppe ecotone. Currently, 
approximately 15,000 ha of silvopastoral sys-
tems with cattle have been implemented and fi ve 
forestry subsidy projects for smallholders to 
implement agroforestry systems with “local crio-
llo goat” have been presented to authorities. 
However, these advances contrast with the great 
knowledge reached from research trials on  Pinus 
ponderosa -based silvopastoral systems that the 
authors reviewed. 

 Another extensive system in Patagonia 
(Argentina) includes silvopastoral systems in 
native  Nothofagus antarctica  forest that become 
an economically, ecologically and socially pro-
ductive alternative. There is valuable information 
from the Patagonian experience (practice and 
research) in this type of silvopastoral system that 
was gained in the last 15 years. As a result, the 
productivity and nutritive value of understory 
grassland interacting with environmental and sil-

vicultural practices, the livestock production, the 
adaptive silvopastoral management (strategic 
separation of homogenous areas, stocking rate 
adjustments, protection of regeneration from her-
bivores browsing) and the existence of ecophysi-
ological data (litter decomposition, nutrients 
dynamic and carbon storage) is well known. The 
economic and biodiversity impact of native forest 
grazing is now giving way to integrated land-use 
systems. And as in other temperate regions of the 
world, silvopastoral systems show potential for 
the alleviation of environmental problems from 
overgrazing. 

 In Chile, the Forestry Institute (INFOR) has 
developed the National Agroforestry Program 
(NAP) during 2002–2014 with the objective of 
generating the required information needed for 
the establishment of suitable agroforestry sys-
tems in the country. This includes the study of the 
species having the highest potential for these sys-
tems, and the establishment of demonstration 
agroforestry units to be used as extension tools 
and to encourage its usage, preferably by small-
holder farmers. Sources of funding included 
those provided directly by the Ministry of 
Agriculture and the Institute for Agricultural and 
Livestock Development (INDAP). Between 2006 
and 2013, INFOR has established 63.5 ha of alley 
cropping systems on small farms, 495.1 ha of sil-
vopastoral systems, 486.8 ha of windbreaks, 
15.3 ha of riparian buffer strips, 31.9 ha of bioen-
ergy trials and 21.1 ha of beekeeping systems, 
totaling nearly 1114 ha in 1600 properties. As 
such, silvopasture represents 44.4 % of the over-
all extent of agroforestry systems implemented 
by INFOR across Chile. According to several sci-
entifi c studies that were performed during that 
period, alley cropping systems have led to reduc-
tion in soil loss by 1,700 %; additionally, the 
establishment of trees in pastures has reduced 
wind-speed by 200 %, and increased prairie pro-
ductivity by 41 % (Sotomayor  2015 ). 

 In arid and semiarid Chile, reforestation with 
exotic and indigenous species has permitted to 
recover highly degraded soils and produce fi re-
wood and fodder for livestock. These tree spe-
cies, which are often leguminous and nitrogen 
fi xers, are well adapted to areas with minimum 
amount of water throughout the year. They also 
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grow well on low fertility soils, and under condi-
tions of high sun radiation and extreme diurnal 
temperature variations. They are also an impor-
tant resource for the local peasants and indige-
nous communities as they provide them with 
food and shelter for their livestock. 

 In the temperate region of central to south- 
central Chile (Mediterranean zone), a silvopasto-
ral system that was recently established in an 
over mature  Nothofagus obliqua  forest in the 
foothills of the Andes is described in details 
(Dube et al.  2015 ). Historically, an important 
portion of  Nothofagus  forests in the Biobío 
Region have been over exploited either for cattle 
grazing or fi re/sawn wood production. Non- 
systemic cattle grazing impede the establishment 
of natural regeneration and cause soil compac-
tion from trampling and overstocking. Such a 
trial is relevant in the prevailing situation whereby 
the National Forest Service does not have any 
regulation regarding the use of forests for pas-
tures, knowledge on adequate stocking rates for 
cattle is insuffi cient. The objectives of the study 
are to: (i) assess the limits of compatibility (mid 
and long-term) between silvopastoral and con-
ventional management of forest properties with 
several stands of over-mature  Nothofagus obli-
qua ; (ii) optimize silvopastoralism through the 
establishment of a system that includes summer 
and winter operations, by respecting the principle 
of sustainability in the use of the forest ecosys-
tem by preventing soil degradation, excluding 
livestock from riparian areas and allowing the 
gradual renewal of forest resources, leaving open 
the possibility of a future transition to a tradi-
tional use of the forest, if productivity so permits, 
or as socio-economic or environmental consider-
ations should so require; and (iii) provide greater 
stability to the small farm or campesino families, 
by training them to manage a technically feasible 
system that is sustainable under the given condi-
tions, in both the mid and long terms. 

 Chapter   8     also discusses the technical and eco-
nomic aspects of  Pinus radiata -based silvopasto-
ral systems. The results of the study showed that 
radiata pine had promising potential for use in 
silvopastoral systems in diverse environments, 
from semiarid to humid zones, being the most 
employed by small agroforestry producers. Forest 

companies through partnership programs also 
encourage the introduction of cattle in their radi-
ata pine plantations at specifi c development stages 
in order to reduce the amount of fuel load (through 
grazing of natural pasture). Finally, small and 
medium-sized farmers are gradually adopting 
high-quality hardwood species to diversify the 
overall production and obtain added- value prod-
ucts from their property. The experimental trials 
that were established in the last 20 years, which 
include exotic species such as Cherry ( Prunus 
avium ) and Walnut ( Juglans regia ) have shown to 
be successful, and therefore promising for the 
development of the region as they will help 
improve the quality of life of small farm owners 
through the regular income from the sale of diver-
sifi ed woody and non-woody forest products. 

 In Chilean Patagonia (Aysén and Magallanes 
regions), the principal uses of agricultural lands 
are as natural prairies for extensive cattle farm-
ing. The limited rates of afforestation are due to 
the low acceptance by cattle farmers for tradi-
tional forestry activities. Pronounced slopes that 
increase the risk of erosion, low-fertility soils, 
limited road connectivity, and large distances 
from the main economic and production centers 
undoubtedly affect the capacity for agricultural 
production (SERPLAC  2005 ). Adverse weather 
conditions, such as low winter temperatures and 
strong spring and summer wind gusts are largely 
responsible for the extensive low-productivity 
cattle farming in the region. However, wind-
breaks for pastures and forages and other estab-
lished silvopastoral systems (e.g., shelterbelts, 
woodlots) have shown to help solve the problems 
associated with soil erosion and low animal pro-
ductivity. For instance, conifer crown coverage 
reduced the wind speed by 200 % in silvopastoral 
systems compared to open pastures. Over 12 
years of research have demonstrated that silvo-
pastoral systems with introduced cold-tolerant 
conifers are feasible and benefi cial, and that sil-
vopastoralism in  Nothofagus pumilio  and  N. ant-
arctica forests  can be used provided forest 
sustainability requirements are emphasized. As 
such, a systemic approach consisting of the for-
est, prairie and cattle components should always 
be considered when designing such silvopastoral 
systems. 
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 In southern Brazil, agroforestry practices 
probably dated from the Portuguese and Spanish 
colonization period. However, the fi rst reported 
agroforestry experience was “Faxinal System” 
with Yerba Mate ( Ilex paraguariensis ) and 
Bracatinga tree ( Mimosa scabrella ) in the 1970s 
(Ribaski and Ribaski  2015 ). Since then, several 
other agroforestry systems have been developed 
and applied by farmers and forest companies, and 
scientists have published a number of studies, in 
particular on silvopastoral systems. Chapter   10     
initially emphasizes the history and importance 
of integrated livestock-forest systems in the cold 
subtropical zone of Brazil and focuses on related 
experiences and main scientifi c data that were 
collected between latitudes 24° and 33° S, com-
prising the states of Rio Grande do Sul, Santa 
Catarina and the south-central region of Paraná. 
This chapter also characterizes the current land 
uses in southern Brazil, emphasizing the predom-
inance of rangelands (about 50 % of total arable 
land area), whereas commercial forests only 
occupy 12.5 %. In contrast, the increasing 
demand and insuffi cient wood supply as the 
Brazilian market opened, economy grew and 
middle class consumers increased is highlighted. 
This scenario, along with the prices and market 
instability in agriculture and livestock sectors, 
and the increase of concerns on environmental 
and animal welfare have brought opportunities 
for integrating forestry with livestock systems 
from the 1990s. As a result, the scientifi c com-
munity performed a number of researches, which 
results are reported in Chap.   10    . The main focus 
areas are: Potential of forage plants and trees for 
silvopastoral systems; Pasture and tree manage-
ment; and Animal performance, behavior and 
management under trees. In addition, examples 
of successes and experiences of tree-pasture- 
agriculture integration from the private sector are 
also detailed in the chapter. Finally, Chap.   10     
addresses the main challenges and opportunities 
for research, development and technology trans-
fer on silvopastoral systems in southern Brazil.  

11.2     Key Research Needs 

 Analyzing the literature (1997–2012) that pro-
vided technical support to the implementation 
and management of silvopastoral systems in 
Argentina, it was deduced that most of the infor-
mation was generated in the pasture/grassland 
component (Fig.  11.1 ). The knowledge generated 
in regard to the production and management of 
the tree component (24 %) represented almost 
twice the animal component. However, in most 
of the country the animal production represents 
the main annual income of silvopastoral systems. 
This highlights the lack of information related to 
animal production, animal welfare and livestock 
management. A shortcoming was also detected in 
the knowledge regarding environmental services 
of silvopastoral systems, mainly for those devel-
oped in native forest. Thus, only 8 % of the pub-
lished works in the country provided information 
on environmental services such as biodiversity 
conservation, carbon sequestration, its protective 
soils and watersheds functions (including aspects 
of water quality). Similarly, information related 
to social (such as employment, working condi-
tions, land tenure) and economic aspects (profi t-
ability, added value of products, markets, and so 
on) of silvopastoral systems is scarce.

   Another aspect is the importance of spatial 
and temporal scales of studies that are performed 
in silvopastoral systems in Argentina, since the 
patterns and processes that occur in these produc-
tion systems are dependent on the scale on which 
they have been observed. Most studies corre-
sponded to a spatial scale study (plots, sample 
units) less than 500 m 2 , decreasing the proportion 
of works as the spatial scale increases (Fig.  11.1 ). 
From this, 57 % of the information in silvopasto-
ral systems has been generated at a spatial scale 
less than 1 ha. In many cases the fi ndings from 
research have been extrapolated to larger scales. 
Therefore, studies at higher scales (landscape 
level) are still needed to answer important aspects 
of these production systems such as the strategic 
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use of the environment at farm level, adjustment 
of stocking rates, more realistic lambing values, 
personnel management, water availability for 
animals, and predator effects. Reviewing the 
temporal scale of the silvopastoral research in 
Argentina, it was determined that 42 % of the 
studies were evaluated for at least 1 year, 36 % 
from 1 to 2 years, and the remaining 22 % of the 
works had results of more than 2 years (Peri 
 2012 ). However, there are processes occurring in 
silvopastoral systems over a longer time scale, 
such as the impact of livestock on plant commu-
nities, assessing the growth of the tree compo-
nent under silvicultural treatments interacting 
with the understory, and the effect of grazing on 
soil physicochemical processes or on wildlife 
habitat. Short-term studies do not reveal slow 
changes, which occur over years and decades, or 
allow the interpretation of the cause and effect 
relations of these slow changes. Therefore, it is 
important to conduct ecological research at tem-
poral scale broader than it has been possible with 
conventional research funding, especially in sil-
vopastoral systems carried out in native forests 
(Chaco and Patagonia). Understanding the 
importance of the spatial-temporal aspects in sil-
vopastoral systems allow us to achieve a better 
strategic planning for future studies and facilitate 
the interpretation of the derived results. 

 Biodiversity and ecosystem dynamics are 
complex, and environmental drivers, both of nat-
ural and anthropogenic origin, induce changes 
that are commonly translated into changes in 
ecosystem services and human wellbeing. In 
South America, silvopastoral systems became an 
economical, ecological and social productive 
alternative being in some areas more productive, 
profi table and sustainable than forest monocul-
tures or sole animal production systems. Usually, 
silvopastoral systems show higher conservation 
value compared with other productive land uses 
(intensive forestry or agriculture). However, live-
stock grazing is one of the most widespread land 
uses in South America and is arguably the land 
use that has had the greatest impact on regional 
biodiversity. Lands modifi ed by human activities 
usually have less habitat diversity and complexity 
than natural systems, and offer poorer food and 
shelter sources for many native species 
(Brockerhoff et al.  2008 ). There are multiple fac-
tors to consider, including species diversity, spa-
tial extent, and future climate changes. In this 
book, information on biodiversity in silvopasto-
ral systems and the use of bioindicators at stand 
level have been reported. This may provide early 
warning indicators of environmental changes, 
monitor a specifi c ecosystem stress or indicate 
levels of taxonomic diversity at a site. However, 
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  Fig. 11.1    Percentage distribution (%) of the information related to the different components and according to the spa-
tial scale (plot size or area of study) of silvopastoral systems developed in Argentina (Source: Peri  2012 )       
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there is a lack of information at large spatial scale 
(regional) on biodiversity conservation strategy. 

 Thus, guides for environmental quality con-
servation are needed within Forest Management 
Plans, mainly for native forests under a silvopas-
toral use. The incorporation of corridors has been 
recognized as a strategy in planning for habitat 
confi guration, and may be used to plan biodiver-
sity conservation in consolidated areas under sil-
vopastoral use. It may also be benefi cial to focus 
on maintaining a large representative sample of 
species to maintain high levels of biodiversity. 
For example, Mokany et al. ( 2013 ) compared the 
effectiveness of reserve design focusing on four 
strategies: connectivity, aggregation, representa-
tiveness and a balance of these three. Their results 
indicated that the best design depends strongly 
on the conservation goals of the designers. 

 The concept of ecosystem services has 
recently received increasing attention in scien-
tifi c and policy contexts because of its capacity to 
bridge the connections between ecosystems and 
social systems (Reyers et al.  2013 ), as well as to 
integrate ecological, socio-cultural and economic 
approaches to knowledge building and policy 
development (Chan et al.  2012 ). The Millennium 
Ecosystem Assessment provided the most com-
prehensive assessment of the state of the global 
environment and classifi ed ecosystem services in 
(i) supporting services (the services that are nec-
essary for the production of all other ecosystem 
services including soil formation, photosynthe-
sis, primary production, nutrient cycling and 
water cycling), (ii) provisioning services (prod-
ucts such as food, fi ber, fuel, genetic resources, 
biochemicals, natural medicines, ornamental 
resources and fresh water), (iii) regulating ser-
vices (climate, water and erosion regulation, dis-
ease regulation, pollination), and (iv) cultural 
services (the non-material benefi ts that people 
obtain from ecosystems through spiritual enrich-
ment, recreation and aesthetic). Among these 
recognized categories of ecosystem services, cul-
tural and regulating ecosystem services are those 
that have received less scientifi c attention in sil-
vopastoral systems in South America, although 
their human demand will increase in the next 
years in industrialized and rural societies. 

 In Chile, lack of funding from the State and 
limited size of properties for afforestation appear 
to be the principal problems associated with the 
adoption of silvopastoral systems by small and 
mid-size landowners. Other concerns include the 
lack of know-how because of the restricted access 
to technical information, inability to “do it your-
self” because of the advanced age and, or gender 
of landowners, labor shortage, lack of training, 
awareness and competence, lack of specialized 
skills and resources, diffi cult access to property 
or land, indebtedness, remoteness of markets, 
and low sales prices of products obtained from 
the land (Sotomayor  2015 ). On the other hand, 
until December 2012, Chile had a legal instru-
ment that promoted afforestation (Decree Law 
No. 701 from 1974 and amendments), which 
contemplated incentives to establish silvopasto-
ral systems and windbreaks in private properties. 
Unfortunately, the ending of Decree Law 701 
aggravated the situation of unavailable fi nancing 
as indicated by farmers, making even more diffi -
cult the promotion of these systems among the 
community (Sotomayor  2015 ). 

 Rural communities depend mostly on what 
can be grown and raised on their land, which 
rarely exceed 20 ha. Recent socioeconomic stud-
ies (e.g., AMBAR  2010 ) have shown that several 
rural households are classifi ed as being poor, a 
condition that is often related to the ineffi cient use 
of local and natural resources and inadequate 
planning in the mid and long terms. Given the 
magnitude of the problem, the Faculties of Forest 
Sciences, Agronomy and Social Sciences at the 
University of Concepción decided to create the 
Center for Investigations in Agroforestry (CIAF). 
The Center will (i) conduct and promote 
 interactive research (with true replicates, as 
opposed to Demonstration Units which usually 
consist of pseudo replicates) agroforestry prac-
tices that improve the production and environ-
mental protection functions (related to water, soil, 
vegetation) of farm and forestland; (ii) conduct 
and promote inter and trans disciplinary research 
on the social, economic, market and policy dimen-
sions of agroforestry systems; (iii) implement and 
conduct a technology transfer and extension 
 program in order to increase awareness of the 
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various stakeholders and increase the adoption of 
sustainable agroforestry practices; and (iv) 
develop and implement a collaborative agrofor-
estry program with national (e.g., INFOR, INIA, 
INDAP) and international investigation centers 
(e.g., INTA, GIRAF-Laval University, UMCA) in 
the areas of research, teaching and technology 
transfer. 

 Research priorities in applied sciences to be 
addressed by CIAF shall include: (i) role of silvo-
pastoralism in climate change adaptation and 
mitigation (carbon sequestration, GHG emis-
sions, soil conservation and improvement); (ii) 
production of biomass for bioenergy; (iii) use of 
riparian buffer strips to protect watercourses; (iv) 
establishment and compatibility of silvopastoral 
systems with native species (in managed indige-
nous forest, and since the establishment of native 
species plantations); (v) maintenance of water 
quality and quantity near silvopastoral systems, 
protection of non-woody forest products, mainte-
nance of biodiversity. Additionally, the lines of 
research in social and rural development are: (i) 
development of silvopastoral schemes tailored to 
the needs of First Nations (Lafkenches and 
Pehuenches) and other local communities; (ii) 
global sustainability of production systems (eco-
nomic sustainability and product diversifi cation, 
and environmental sustainability and biodiversity 
conservation); and (iii) optimization of the over-
all productivity of forestry, agricultural and live-
stock components. 

 In South Brazil, traditional agriculture, live-
stock and forestry systems rather than integrated 
systems are still predominant. However, pres-
sures from environment, market (prices and con-
sumer preferences), labor availability, land-use 
effi ciency and government (taxes, social function 
of land) on farms have brought opportunities to 
the integrated systems, such as silvopastoral sys-
tems. Therefore, the proposition of feasible mod-
els for forest-livestock systems in contrast to 
traditional cropping systems, the extensive cattle 
and sheep systems and the specialization of plan-
tations still continue to be the main target for 
research and extension services. In this context, 
long-term scientifi c data is necessary to recom-
mend silvopastoral models for the different zones 

in South Brazil and encourage farmers to invest 
on them. As shown in Chap.   10    , there are differ-
ent cold zones that would demand a number of 
silvopastoral models in South Brazil. Additionally, 
research needs on silvopastoral system could be 
listed based on technological and socioeconomic 
approaches. From the technological aspects, pri-
orities are: (i) development of forage (shade and 
water stress tolerant) and trees (adapted plant 
architecture, growth and development) cultivars; 
(ii) quantifi cation of the benefi ts of tree shading 
for animal welfare and performance (thermal 
comfort, live weight gain and grazing behavior); 
(iii) development of soil fertilization protocols 
(establishment and maintenance) specifi c to sil-
vopastoral systems and rotational understory pro-
grams; and (iv) setting strategies of animal 
feeding using silvopastoral systems (protein 
bank; pasture deferral for feeding shortage peri-
ods; rotational and continuous grazing). From 
socioeconomic aspects, research needs and pri-
orities are: (i) development of silvopastoral mod-
els using native trees and grasslands to meet 
requirements of the Brazilian environmental laws 
(The Brazilian Forest Code); (ii) valuing environ-
mental services from silvopastoral systems (car-
bon budgets, mitigation of greenhouse gases, soil 
and water conservation, biological diversity); (iii) 
developing silvopastoral models for recovery of 
degraded land (erosion, weed occupation and 
burned areas); (iv) implementation of public poli-
cies that support a strategy of territorial manage-
ment using geospatial tools (satellite imagery and 
geo-referenced information system) capable of 
supporting decisions and rules for forestry and 
agroforestry systems and reducing environmental 
concerns; and (v) building of new training and 
capacity programs from research institutions to 
consultants and rural extension staff on silvopas-
toral systems. The skills to manage integration 
systems, such as tree-pasture systems require 
specifi c knowledge and a systemic approach in 
contrast to the specialized and intensive systems. 
Therefore, collaboration between scientifi c insti-
tutions, offi cial extension services and private 
sector are needed to enable adequate transfer of 
technologies and increase the land use area with 
silvopastoral systems in southern Brazil.  
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11.3     Decision Making: Policy 
and Socioeconomic Aspects 

 Many challenges and opportunities arise for sci-
entifi c institutions, rural extension agencies and 
public policies aiming to promote more sustain-
able and diversifi ed farming systems. There are 
differences in the motivation between landown-
ers in the region that determined the contrasting 
design of the silvopastoral systems, such as 
improve their economic profi ts, animal welfare, 
self-consumption of wood in rural properties, soil 
conservation and land use effi ciency. Limits to 
wider adoption are perhaps the most complex 
area of silvopastoral development. Perceptions of 
land-use specialists, extension agents and the 
farmers impact on the development of silvopasto-
ral systems in the region. There are also institu-
tional problems linked to adoption by farmers, 
which are often underestimated by agronomic 
and forest researchers. The problems associated 
with forest product harvesting, processing and 
marketing, together with the strategy of produc-
ing added-value wood and animal products also 
are key factors for silvopastoral system 
development. 

 Therefore, legal framework, policy and plan-
ning appear to be key areas for silvopastoral sys-
tem development in the region. In Argentina, 
National Law No. 26,331 for the Environmental 
Protection of Native Forests promotes the conser-
vation of indigenous forests through land plan-
ning, sustainable management and tightening the 
regulations associated with land-use change. 
This requires all the provinces to develop a Land 
Use Planning Process (LUPP) with respect to 
native forests in a participatory fashion. In the 
last few years (2010–2014 period), more than 70 
% of the budget has been destined to silvopasto-
ral system plans in native forest (1,423,194 ha) 
that includes forestry inventories, silvicultural 
practices, adjustment of stocking rates and fenc-
ing for strategic separation in homogenous areas 
(Peri et al.  2015 ). Also, the Argentine govern-
ment enacted National Law 25,080 and 26,432 to 
provide a federal framework for forest plantation 
by promoting investments in new forest enter-
prises through reimbursement of planting costs 

and tax benefi ts. This could support silvopastoral 
systems by fi nancing plantations at low densities 
(6 × 6 m) that represent approximately 10 % of 
the area afforested under the Act (Peri et al. 
 2015 ). However, many farmers (as it was high-
lighted for Patagonia native forest) have been 
slow to adopt an integrated silvopastoral system 
management plan, possibly because of the lack of 
convincing evidence of positive economic returns 
or long term benefi ts from ecosystem service val-
ues. In this context, an integral economic analysis 
is required, quantifying timber products, annual 
animal production, soil conservation benefi ts, as 
well as the landscape values associated with sil-
vopastoral systems. 

 To expand silvopastoral land use systems and 
farmer adoption, a multi-agency, interdisciplin-
ary and participatory strategy is required. In this 
context, it is critical to involve landowners who 
practice silvopastoral systems to share their expe-
riences related to adequate management and land 
use. For this, it is also important to increase 
awareness of the interdependence among stake-
holders and key actors to address issues in com-
mon in silvopastoral practices. In the region, 
extension advice is provided mainly by National 
and Provincial institutions (e.g., in Argentina the 
National Agricultural Institute – INTA). However, 
in many situations the advisory function is frag-
mented among several agencies. In any extension 
program, the perceptions of farmers in relation to 
the practice of silvopastoral systems on their 
farms are important. The use of silvopastoral 
research sites for demonstration developed in 
 different regions of South America by the univer-
sity and agency-based research is an important 
additional resource for the learning process and 
may contribute to farmer adoption. Joint venture 
schemes with the scientifi c sector, industry, gov-
ernment, or other fi nancial sources can also be 
useful to increase silvopastoral adoption. The 
challenges associated with the adoption of sus-
tainable silvopastoral systems in the region pro-
vide the opportunity for production diversifi cation 
and profi tability for farmers and society. 

 In Chile, a recurring question among national 
and local government authorities is whether it is 
possible to prove the contribution of agroforestry 
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to the rural economy and its sustainability, in 
order to promote its use. Several studies from 
Chile and other countries value the contribution 
of trees and shrubs in agroforestry systems in 
protecting the natural environment, where reduc-
tion of erosion and modifi cation of microclimate 
for the benefi t of agriculture and livestock have 
been documented, especially if they are used 
with adequate spatial arrangement (Sotomayor 
 2010 ; Dube et al.  2012 ). Some of the benefi ts that 
have been identifi ed after traditional cropping, 
livestock or forest systems were converted into 
silvopastoral systems include (i) diversifi cation 
of productive activity of small and medium-size 
agricultural businesses, making effi cient and sus-
tainable use of available resources of the property 
(Snaydon and Harris  1979 ); (ii) enhancement of 
the scenic beauty and the value of the property 
(Sotomayor  2009 ); and (iii) soil conservation, 
protection and improvement. These benefi ts have 
undoubtedly helped to promote the use of agro-
forestry systems in Chile.  

11.4     Conclusion 

 Silvopastoral systems in South America are 
widespread and therefore ecologically and cul-
turally important. In the region, sustainable silvo-
pastoral systems are suggested as a key solution 
to the confl ict between expanding agricultural 
production and conserving natural ecosystems. 
Strategic planning with an appropriate combina-
tion of pastures/grassland and animals with trees, 
at real production spatial space and time is 
needed. Silvopastoral systems interventions and 
planning at landscape level should combine pro-
duction with protection functions to meet some 
of the society expectations. To supplement the 
knowledge-base on advances in silvopastoral 
systems in the region covered in this book, fur-
ther research is required in order to understand 
the biological basis of any yield advantage, pro-
vide information at larger temporal-spatial scales 
and quantify aspects related to ecosystem ser-
vices. This should be carried out in a systematic 
way that would allow the development of guide-
lines for improving the ecological and economic 

combining ability of certain trees, pasture/grass-
land and animals. Finally, improvement of the 
policy guidelines and institutional structure for 
extension services that favor silvopastoral sys-
tems in the region is required.     
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